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Abstract 
Legumes house nitrogen-fixing endosymbiotic rhizobia in specialised 
polyploid cells within root nodules. The model legume Medicago truncatula, one 
of the members of the inverted repeat lacking clade (IRLC) of legumes is known 
to have a class of multi-gene family encoding for NCRs (Nodule Cysteine Rich 
peptides). Until now, studies have suggested that this large family acts as anti-
microbial defensins keeping the rhizobial population in balance. However, 
these functional insights come from only a few of more than 500 NCRs that 
actually have diversified spatio-temporal expression. Due to their occurrence in 
large numbers from genome amplification, it is possible that these NCR genes 
have evolved gain of novel functions beyond just bacterial regulation.  
Microarray transcriptomic data and promoter sequences revealed six 
novel conserved promoter motifs that are over-represented in subsets of NCRs 
that are regulated in different ways by combinations of rhizobia and nitrogen. 
Our hypothesis is that the NCR promoter motifs may be acting as transcription 
factor (TF) binding sites for the regulation of nodulation. Using the Arabidopsis 
TF database, we identified CCA1, RVE1, ATHB15, ATHB16, AHL20 and 
AHL25 as putative TF regulators. Possible existence of a nodule circadian clock 
in the Medicago truncatula-rhizobium symbiosis has been investigated and 
altogether our results support an expanded role of NCRs in signalling and 
nodule development during symbiosis. 
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Chapter 1: Introduction 
 
1.1 Nitrogen and its uptake system in plants 
 
Nitrogen (N) is an essential macronutrient that is required for formation 
of chlorophyll, amino acids, nucleic acids, and secondary metabolites. Plants 
acquire N available in the soil in the form of nitrate (NO3) and ammonium (NH4). 
N acquisition by the roots are transported in the plant system or assimilated 
with carbon to form amino acids (Miller et al., 2007). Both N uptake and 
metabolism is required for proper metabolism, growth and development of the 
plants (Bouguyon et al., 2012; Ruffel et al., 2008; Vidal and Gutierrez, 2008).  
However, soil N availability is not evenly distributed due to factors such 
as soil leaching or uptake by plant roots that affect the root system environment 
and its associated microbiome (rhizosphere) in the soil (Hirel et al., 2011). Such 
fluctuations in the soil nitrogen content are thought to have driven plant 
evolution of complex nutrient uptake, transport and assimilation systems for 
adaptation to the external environment (Canales et al., 2014; Gutierrez, 2012).  
NO3– acquired by root cells enters the assimilatory pathway for the 
reduction of nitrogen first into nitrite (NO2-) and then to ammonium (NH4 -), 
catalysed by the two enzymes nitrite and nitrate reductase respectively 
(Bouguyon et al). Two major enzymes, glutamine synthetase and glutamate 
synthase are involved in the subsequent assimilation of ammonium into amino 
acids (Bouguyon et al., 2012; Lam et al., 1996). Unlike in non-legumes, nitrogen 
present in the atmosphere is converted to ammonia by direct fixation in the root 
nodules of legume plants (Lam et al., 1996). 
To enable the optimal acquisition, utilization and transport of NO3–, 
plants need to detect the external environment. Such sensory and signalling 
action of NO3 – for detection can be seen in the induction of genes that encode 
for nitrite and nitrate reductase, nitrate transporter family proteins NRT1 or 
NRT2 (Lejay et al., 1999; Wang et al., 2004). 
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Nitrogen responses, transport and its metabolism in plants have been 
well studied, mostly in the model plant Arabidopsis thaliana (O'Brien et al., 
2016). At least four nitrate transporter families - NPF, NRT2, CLC, and 
SLAC/SLAH have been identified in plants (Krapp et al., 2014).  NO3 uptake 
and translocation in plants involves complex regulation and cross-talk between 
four main types of transporters, NPF (NRT1/PTR), NRT2, CLC, and 
SLAC1/SLAH (Wang et al., 2012). Among these transporters, two main classes 
of transporters, NPF (formerly known as ‘low-affinity’ NRT1/PTR) (Leran et al., 
2014) and high-affinity NRT2 in Arabidopsis (Tsay et al., 2007) have been well 
characterized (Figure 1.1) (O'Brien et al., 2016). Low affinity transport system 
(LATS) functions at high level of N concentrations (>1 mM) while high affinity 
transport system (HATS) functions at low N (μM) concentrations (Kraiser et al., 
2011); thus the N transport systems can respond effectively at many N levels. 
Although the NPF members mainly function as low affinity at high N 
concentrations, some NPF proteins, such as NRT1.1 (also named NPF6.3 or 
CHL1) in Arabidopsis (Tsay et al., 2007) and MtNRT1.3 in the model legume 
Medicago truncatula (Morere-Le Paven et al., 2011) act as dual-affinity 
transporters involved in both low and high affinity transport system. 
Apart from transporter family proteins, transcription factors (TFs) of the 
nitrate signalling pathway have been identified as key regulators for NO3– 
responsive genes (Castaings et al., 2009; Vidal et al., 2015). One such TF 
regulator is the NIN like protein 7 (NLP7) TF that shares homology with NIN 
(Nodule Inception) protein, one of the key regulators in legume nodulation 
(Schauser et al., 2005). NLP7 is involved in the direct interaction target gene 
promoters as a regulator of the primary nitrate response and signalling 
pathways (Castaings et al., 2009; Marchive et al., 2013). Other key TFs 
involved in the NO3– response regulator include TGACG MOTIF-BINDING 
FACTOR (TGA1),TGA4, ARABIDOPSIS NITRATE REGULATED 1 (ANR1), 
BASIC LEUCINE-ZIPPER 1 (bZIP1), LOB DOMAIN-CONTAINING PROTEIN 
(LBD37), LBD38 and SQUAMOSA PROMOTER BINDING PROTEINLIKE 
9 (SPL9) (O'Brien et al., 2016). 
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Figure 1.1 NRT2 and NPF families of Arabidopsis nitrate transporters. The 
functions depicted are: root uptake (influx/ efflux), loading/unloading of the 
xylem, loading/unloading of the phloem, accumulation in seed vacuoles, and 
transport into the embryo. At the cellular level, all proteins are localized at the 
plasma membrane, except NRT2.7, which is localized at the tonoplast (O'Brien 
et al., 2016)  
 
In addition to NO3– , NH4+ is also taken up by plants. Supplied in mixed 
N forms of NO3– and NH4+, NH4+ is often the preferential form of N uptake by 
plants (Gazzarrini et al., 1999). In Arabidopsis, ammonium transport (AMT) 
proteins such as AtAMT1;1, AtAMT1;2, and AtAMT1;3 play a major role in N 
uptake in the form of NH4+ (Gazzarrini et al., 1999). Ammonium transport by the 
protein family of ammonium transporter 1 (AMT1) including AMT1.1, 1.2, 1.3 
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and 1.5 (Alvarez et al., 2012) act as uniporters or NH3/H+ co-transporters 
(Kraiser et al., 2011) to import ammonium from the rhizosphere or atmosphere. 
This imported ammonium is assimilated by the action of two main enzymes, 
glutamine synthetase (GS) and glutamate dehydrogenase (GDH) (Hirel and 
Lea, 2001). 
Ammonium is another preferred form of N uptake by N-fixing symbiotic 
bacteria in host legume root nodules (Udvardi and Day, 1997). NH4+ 
concentrations in the cytosol of legumes can be about 50-fold lower than 
endosymbiont bacteroids because ammonium transport in root nodules takes 
place across the symbiosome membrane (Streeter, 1989). Efficient uptake of 
ammonium in such cases requires low-affinity and high-capacity transport 
systems on the plant side of the symbiotic interaction (Tyerman et al., 1995). 
Nutrient acquisition are strongly influenced by long-distance signalling in 
plants. Use of the split root system in Arabidopsis has demonstrated that a long-
distance signalling mechanism is involved in the uptake and adaptive response 
of root system architecture (RSA) to a heterogenous supply of N (Mounier et 
al., 2014; Ruffel et al., 2011). For example, split roots displayed a differential 
lateral root development in high/low N environments (Gansel et al., 2001). 
Similar split-root system experiments with transcriptome analyses in Medicago 
truncatula have shown that NO3–, NH4+ and N2- fixation acquisition systems do 
not have similar responses to changes in plant N status (Ruffel et al., 2008).  
RSA displays a high level of plasticity in response to heterogeneous 
nutrient supply, including the source of N (Patterson et al., 2010) and its status 
(Wang et al., 2007). RSA can be defined as the size and growth direction(s) of 
the primary root (PR), lateral roots (LR) and root hairs. A high level of cell type 
(Gifford et al., 2008) and tissue type specificity (Wang et al., 2003a) underlies 
RSA responses. This is one aspect of plant root adaptation to rapidly changing 
environments (Alvarez et al., 2012; Canales et al., 2014; Gutierrez, 2012).  
 
1.2 N-fixation by symbiotic bacteria 
Legumes benefit from nodule formation with the symbiotic association 
between the soil rhizobia and host root enabling uptake of biologically fixed 
nitrogen. Thus, legumes are one of the important crop plants that helps in soil 
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nitrogen enrichment and they are often used in crop rotation (Iannetta et al., 
2016; Stagnari et al., 2017).  
In legumes, available atmospheric N can be taken up by plants once it 
is fixed by soil borne bacteria collectively called as rhizobia. These 
endosymbiotic nitrogen-fixing rhizobia are housed in specialised polyploid cells 
called nodules (Maroti and Kondorosi, 2014; Sprent and James, 2007). The 
nodule symbiotic plant cells are polyploid because of several cycles of 
endoreduplication (genome replication with cessation of later stage of mitotic 
division) and enlarged to accommodate the rhizobia (Mergaert et al., 2006; 
Sprent and James, 2007). 
Nodulation process starts with signal exchange between the rhizobia 
(that releases Nod Factors, NF as signals) and host plant roots (secrete 
flavonoids in turn) (Figure 1.2). NF reception involving lysine-motif domain 
(LysM) activates calcium oscillations which regulate gene expression in both 
the host legume and rhizobia to enable the establishment of symbiotic 
relationship. Thereby, colonisation of the plant root is enabled by the formation 
of an infection thread that allows controlled bacterial entry (Figure 1.2). 
 
 
 
 
 
 
 
 
 
 
 
 
Flavonoids
Nod Factors (NF)
Calcium
spiking
Bacterium
Root hair curling
Pre infection 
thread
Infection 
thread
Nodule formation
Figure 1.2: Early events during nodulation. Plant roots released flavonoids, 
thereby signalling rhizobia in the rhizosphere to produce nodulation factors 
(Nod factors, NF) that are in turn recognised by the plant. NF perception 
activates the symbiosis signalling pathway, leading to calcium oscillations, cell 
division in the cortex to form a nodule primordia. Rhizobia enters the plant root 
via root hair curling and from this site, infection threads are formed, finally 
progressing to the inner cortical cells and the nodule primordium (Oldroyd, 
2013).  
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1.3 Nodulation and lateral root development 
 
Nodulation as such consists of two closely coordinated processes: (i) the 
organogenic process, in which the nodule tissue is formed to accommodate the 
bacteria and (ii) the infection process, in which bacteria colonises inside the 
host plant (Madsen et al., 2010). Genetic and molecular analysis suggests that 
nodule development integrates pre-existing plant regulatory pathways that are 
related to root organogenesis (Mathesius, 2003). For example, nodulation and 
lateral root (LR) development share a common environmental regulation 
controlled by hormone signalling that in turn influences N fixation  (De Smet et 
al., 2007; Lopez-Bucio et al., 2003; Tirichine et al., 2007). 
Nodules and LR are both induced during low N in the presence of 
rhizobium, and the morphological development of these two organs is 
fundamentally linked with accumulating evidence that symbiotic organisms can 
affect root architecture (Maillet et al., 2011; Olah et al., 2005; Raven and 
Edwards, 2001). LRs have known to be in existence since at least 400 million 
years ago (Raven and Edwards, 2001). Nodules, however, have evolved more 
recently, around 60 million years ago, driven by N deplete and CO2 rich 
environmental conditions (Sprent, 2007). Thus, a current hypothesis is that 
mechanisms that regulate nodule development may have been co-opted from 
the existing processes that regulate root development pathway (Hirsch et al., 
1997). 
In conjunction with the tight regulation of developmental pathways, one 
notable overlap is the shared mechanism that involves hormonal control of 
nodulation and root system architecture (Hirsch et al., 1997; Oldroyd, 2013; 
Yendrek et al., 2010). Several regulators of cross-talk between nodulation and 
LR development have been characterised. For example, NFs as rhizobial 
signalling molecules have a crucial role in the symbiosis as well as LR 
induction. LRs have shown to be stimulated by NFs and many of the same 
genes (e.g. NFP, DMI1, DMI2, DMI3 and NSP1) required for symbiotic 
response (Olah et al., 2005).  
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1.4 Phytohormonal roles during nodulation and LR 
development 
LR and nodules are two lateral organs that enable root plasticity in plants 
to allow adaption to external environment changes. However, both LR and 
nodule development are under the control of phytohormonal gradients, in 
particular auxin and cytokinin. Cytokinin signalling in legume roots also affects 
auxin signalling, as can be seen (Figure 1.4, (Oldroyd et al., 2011)) from CRE1-
dependent changes in polar auxin transport  (Grunewald et al., 2009; van 
Noorden et al., 2006). Such locally induced changes in polar auxin transport is 
crucial because it inhibits accumulation of auxin at the site of bacterial infection 
and initiates nodule organogenesis (Hirsch et al., 1989; Mathesius et al., 1998).  
The interplay of both auxin and cytokinin is important not only for nodule 
initiation (Frugier et al., 2008) but also for lateral root primordia development 
(Benkova and Bielach, 2010; Peret et al., 2009). Auxin localisation in root 
pericycle cells drives LR meristem initiation. But after initiation, auxin levels are 
maintained through the activity of positive regulator AUX1 (Figure 1.3, (Oldroyd 
et al., 2011) and the inhibition of negative auxin regulators (Peret et al., 2009). 
At the LR primordial stage, cytokinin acts as LR initiation inhibitor, but once 
initiated LR insensitivity to cytokinin is marked by strong cytokinin induction in 
the mature LR itself (Benkova and Bielach, 2010; Peret et al., 2009). 
While cytokinin appears to inhibit LR primordia initiation, the opposite 
mechanism is seen at nodule initiation (Frugier et al., 2008). At the nodule 
meristem initiation stage, cytokinin acts as primary activator and regulator of 
polar auxin transport for nodule organogenesis (Frugier et al., 2008). At this 
level of regulation then, nodules and lateral roots share the same genetic 
machinery but modulation of auxin and cytokinin levels have opposite 
outcomes. Hence, high localisation of cytokinin and low auxin levels favour 
nodule organogenesis (Oldroyd et al., 2011). 
 Aside from primary control of LR organogenesis by auxin and cytokinin, 
ethylene and abscisic acid (ABA) have been noted as negative regulators of 
nodule numbers by affecting calcium signalling (Mortier et al., 2012b). Ethylene 
is reported to inhibit root hair curling (Gresshoff et al., 2009; Lohar et al., 2009), 
reduce calcium spiking and repress early nodulins, ENODs (Oldroyd et al., 
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2001). Nodulation at later stages is then disrupted by ABA that represses 
cytokinin signalling, affects NF signalling pathways and calcium oscillation 
(Ding et al., 2008) 
Figure 1.4: The roles of auxin and cytokinin during root meristem 
development. Apical meristem division into 4 zones can be seen; stem cell 
niche where the quiescent center resides, the proximal meristem where cell 
divisions occur, the elongation zone and the differentiation zone where the 
specialized morphology and functions of cells develop. Auxin transport proteins 
(PINs) traverse down the root and accumulate at the stem cell niche tip (green 
arrows). Auxin cycle flow reduction in the elongation zone, likely through 
cytokinin suppression of PINs (orange bar). Thereby an auxin-cytokinin 
gradient is established with high auxin at the stem cell niche and high cytokinin 
at the elongation zone. This antagonistic auxin-cytokinin gradient is maintained 
by auxin induction of RR7 and RR15 (that suppress cytokinin signalling) and 
cytokinin induction of SHY2 (that inhibits PIN expression). Localised 
accumulations of auxin in the pericycle marks the emergence of LR sites. 
Cytokinin suppress LR emergence by the suppression of auxin PINs. During 
nodule development, localized cytokinin signalling in the root cortex with a low 
level of auxin initiates the nodule primordia. Activation of nodule organogenesis 
requires Nod factor (NF) recognition at the root surface, and this induces the 
NIN transcription factor to induce cytokinin signalling in the cortex through the 
upregulation of CRE1 (Oldroyd et al., 2011). 
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1.5 Autoregulation of nodulation (AON) in legumes 
 
In addition to the localised phytohormonal control of nodule numbers, 
long distance signalling - autoregulation of nodulation (AON) - is an important 
determinant of nodule numbers. Split root experiments have shown AON to be 
a root derived nodulation signal that moves to the shoot and back again via a 
shoot derived signal that regulates nodulation and nodule numbers Figure 1.5 
(Kassaw et al., 2015; Mortier et al., 2012b; Reid et al., 2011).  
Autoregulation of nodulation can be divided into root- and shoot-derived 
aspects (Fig. 1.5). The root derived factors involve responses to initial cell 
divisions that lead to the induction of Q (cue signal) for nodulation. A second 
class of root-dependent components then act downstream to perceive the 
shoot signal that leads to inhibition of further nodule development (Reid et al., 
2011). 
AON activation occurs in the cortex after cytokinin signalling (Mortier et 
al., 2012b) and systemic inhibition of nodulation from AON thereby affects 
nodule primordial development (Li et al., 2009a; Suzuki et al., 2008). AON uses 
a feedback suppression mechanism from a root-derived signal that is thought 
to move via the phloem (Oka-Kira and Kawaguchi, 2006). Grafting experiments 
have shown that nitrate-induced CLE (NIC1) peptide is perceived by a root-
localised CLAVATA1-like Leucine-Rich Repeat Receptor-Like Kinase (LRR-
RLK) called Nodulation Autoregulation Receptor Kinase (GmNARK) (Searle et 
al., 2003).  
In Lotus japonicus, LjCLE-RS1 and LjCLE	-RS2; (Okamoto et al., 2009) 
CLAVATA3/endosperm-surrounding region-related (CLE) peptides are 
involved in AON. In Medicago truncatula it involves MtCLE12 and 
MtCLE13 (Mortier et al., 2012a) and in soybean, GmNIC1(Reid et al., 2011). 
MtCLE12, MtCLE13, LjCLE-RS1 and LjCLE-RS2 have been show to activated 
downstream of NIN shortly after nodule primordium initiation (Mortier et al., 
2012a; Okamoto et al., 2009). Overexpression of these specific CLE peptides 
lead to nodule suppression in wild-type plants (Mortier et al., 2012a; Okamoto 
et al., 2009). Similar CLE peptides in Arabidopsis have been shown to be 
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involved in root elongation, vascular differentiation and developmental 
regulation of the shoot apical meristem (Strabala et al., 2006). 
Several other mutants have been isolated that exhibit an increased 
nodulation phenotype, known as hyper- or supernodulation. Those functioning 
in the root include rdh1 (Ishikawa et al., 2008), rdn1 (Schnabel et al., 2011),  too 
much love (Magori et al., 2009), plenty (Yoshida et al., 2010), efd-1 (Vernie et 
al., 2008), astray (Nishimura et al., 2002), and sickle (Penmetsa et al., 2008). 
These mutants show aberrant nodulation with increased number of nodules 
and disruption in the AON pathway  (Reid et al., 2011). 
In Lotus japonicus this hypernodulant gene is encoded by LjHAR1 
(Hypernodulation Aberrant Root Formation 1) (Wopereis et al., 2000) and in M. 
truncatula by SUperNumary Nodules, MtSUNN (Schnabel et al., 2005). These 
mutants display disruption in the autoregulation of nodulation (AON) pathway, 
which consists of at least two systemic regulatory circuits to control nodule 
numbers and activity (Kassaw et al., 2015). HAR-1 of Lotus japonicus and 
SUNN of M. truncatula are orthologous to Arabidopsis CLAVATA1(Krusell et 
al., 2002; Schnabel et al., 2005).  
In M. truncatula, nitrate limitation has been demonstrated to result in both 
local and systemic regulation of nodulation that partially depend on SUNN 
(Jeudy et al. 2010). mtsunn mutants can nodulate in the presence of nitrate,  
indicating that a combinatorial action of autoregulation and a nitrate signal both 
inhibit nodule progression (Schnabel et al., 2005). Along with SUNN, RDN1 
(Root-Determined Nodulation) controls AON responses in M. truncatula, and 
CLE peptides are thought to be involved as both the local and systemic 
nodulation status signal (Mortier et al., 2012a). In L. japonicus it was shown that 
NITRATE UNRESPONSIVE SYMBIOSIS 1 (NRSYM1), a NIN-like gene, 
regulates nodule numbers and nodule development in response to nitrate levels 
(Nishida et al., 2018).  
A similar observation has been noted with other nitrate tolerant 
phenotypes in the AON mutants har1, nark, sym29, klv and tml; they are able 
to nodulate in high nitrate conditions (Magori et al., 2009; Penmetsa et al., 2003; 
Schnabel et al., 2005; Wopereis et al., 2000). Such evidence implies a complex 
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cross talk between nitrate tolerance, AON and RSA development during the 
nodulation process. 
 
 
Figure 1.5 A working model of autoregulation of nodulation (AON) in legumes. 
Legumes regulate nodulation in response to pre-existing infections and soil 
nitrogen levels. Nitrate induces the production of CLE peptide (NIC1; A) that 
acts locally in the root via the AON receptor kinase, NARK (B; or its orthologues 
in other species), to suppress nodule development (C). NARK may act along 
with other components to perceive NIC1. Rhizobia-induced CLE peptides are 
induced at several stages of nodule development and may be to the shoot 
through xylem. (D) In the shoot, NARK and other possible receptor-like kinase 
proteins in Arabidopsis (CLV2, KLV and CRN (Jeong et al., 1999; Miyazawa et 
al., 2010; Muller et al., 2008) perceive these putative ligands (E). Two kinase-
associated protein phosphatases (KAPP1/2) are phosphorylated by NARK and 
in turn dephosphorylate the NARK kinase (F). An equilibrium of phosphorylation 
between these components may be required preceding the production of the 
shoot-derived inhibitor (SDI; G). SDI is then transported via the phloem to the 
roots where it suppresses nodule progression and development. (H). A 
compound similar to SDI may be involved in the nitrate pathway that acts locally 
to inhibit the progression of nodule formation (Reid et al., 2011) 
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1.6 Endosymbiotic bacteroid development and nodule types 
in legumes 
Rhizobial entry to the root begins with the chemical communication 
between the bacteria and the host plant roots. Recognition of NFs, rhizobia 
derived lipochito-oligosaccharides, by lysine motif receptor like kinases (LysMs) 
present in the plasma membrane of the root epidermal cells is a highly specific 
interaction due to structural variety of NF from different rhizobia (Bensmihen et 
al., 2011).  
Structurally, NFs consist of a chitin backbone with two to six β-1,4-linked 
N-acetyl-D-glucosamine residues with N-linked fatty acid attached to the 
terminal sugar (Cooper, 2007). Nod factor recognition by the LysM receptors 
then initiates the signalling pathway activating transcriptional responses that 
control nodule organogenesis, rhizobial colonisation. This is essentially the first 
signal that leads to controlled rhizobial entry via an infection thread and 
development of host plant derived membranes called ‘symbiosomes’ (Kouchi 
et al., 2010).The symbiosome encapsulates the bacteria, separating them from 
the plant cytosol (Brewin, 2004; Perret et al., 2000).  Bacteria inside the 
symbiosome then differentiate into nitrogen-fixing bacteroids that enable N 
supply to host plants in exchange for carbon and other nutrients (Gibson et al., 
2008; Jones et al., 2007). Bacteroides under such circumstances undergo 
various morphological and metabolic changes to fix the atmospheric dinitrogen 
into ammonia (Udvardi and Poole, 2013). For example, in Medicago truncatula, 
endoreduplication of the Sinorhizobium melliloti takes place,  increasing the 
chromosome pair count to 24 as compared to one-two in the free-living bacteria 
(Mergaert et al., 2006). 
Despite the infection by same rhizobial strains, different legume species 
develop different nodule types (Mergaert et al., 2006).  There are two different 
types of nodulation - indeterminate (nodules do not lose meristematic activity, 
e.g. Pisum sativum, Medicago truncatula, Galega orientalis) and determinate 
(round shaped and short-lived meristematic activity, e.g. Glycine max, Lotus 
japonicus, Phaseolus) (Sprent and James, 2007). Endoreduplication is a 
feature for a few host plant roots that form indeterminate nodules (Vinardell et 
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al., 2003). Indeterminate nodule type legumes belong to Inverted Repeat-
Lacking Clade (IRLC) species, identified by the loss of a 25-kilobase inverted 
repeat in the chloroplast genome (Lavin et al., 1990; Pan and Wang, 2017). 
Indeterminate nodules can be divided into different zones: (1) actively 
dividing meristematic zone; (2) infection zone, infection site of rhizobia and 
release into the cytoplasm; (3) interzone, zone of elongation and enlargement 
for the bacteroid differentiation (4) fixation zone, nitrogen fixing zone by 
matured bacteroids (Figure 1.6 C, (Pan and Wang, 2017). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6 Differentiation of rhizobium bacteria inside Medicago nodules. 
(A) A representative picture of three-week-old indeterminate nodule type M. 
truncatula A17 nodules. Scale bar, 2 mm. (B) A representation of different type 
of meristematic zones in indeterminate nodules. (C) A confocal image of 
symbiotic nodule cells containing actively differentiating bacteroids. Rhizobia 
used for inoculation express GFP constitutively. Scale bar, 20 μm. (Pan and 
Wang, 2017) 
 
1.7 Nodule cysteine rich peptides 
The Inverted Repeat-Lacking Clade (IRLC) legume family including the 
model legume M. truncatula possess a strikingly large gene family encoding for 
Nodule Cysteine-Rich (NCR) peptides (Alunni et al., 2007; Mergaert et al., 
2003). IRLC legumes mediate symbiosome at the cellular level via hundreds of 
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these Nodule Cysteine-Rich (NCR) peptides that control the activity of the 
rhizobial bacteria (Figure 1.7 A) to undergo terminal differentiation (Mergaert et 
al., 2006). NCRs have not been reported in determinate nodule forming species 
such as Glycine max, Lotus japonicus and Phaseolus vulgaris (Fedorova et al., 
2002; Graham et al., 2004; Mergaert et al., 2003). There are findings that 
symbiotic cells of some Aeschynomene spp. belonging to more ancient lineage 
of the Dalbergioid clade also contain a large NCR-like peptide family with similar 
mechanisms to that of IRLC legumes (Czernic et al., 2015). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7: Rhizobial interaction in legume root and nodule cells. (A) 
legumes of the IRLC clade such as M. truncatula and P. sativum, rhizobia 
terminal differentiation is regulated by NCR peptides (3). The bacterial BacA 
protein is essential for protecting the rhizobia against the antimicrobial activity 
of NCR peptides. (B) In contrast, non-IRLC legumes such as Phaseolus 
vulgaris do not produce NCR peptides and BacA is dispensable for rhizobia. 
Rhizobia do not exhibit terminal differentiation in such host legumes and often 
multiple bacteroids can be found inside a single symbiosome membrane (Haag 
et al., 2013).  
 
The M. truncatula family of NCRs consists of more than 500 genes and 
is reported to have different spatio-temporal expression patterns but highly 
specific to the nodule region only (Guefrachi et al., 2014; Nallu et al., 2013). 
However, only eight NCRs have been functionally characterised at the 
transcriptomic level and confirmed to act as antimicrobial peptides that 
(A) (B) 
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resemble defensins (Tesfaye et al., 2013). Proteomic studies revealed that 
NCRs contain a signal peptide and the secreted mature peptides have 
conserved cysteine patterns; this feature does differentiate them from 
defensins (Durgo et al., 2015). 
 Several studies using genetic approaches have demonstrated that host 
protein secretion has been to induce terminal differentiation of nodule 
bacteroids. A study of the nodule-specific signal peptidase complex of 
Medicago DNF1 (Defective In Nitrogen Fixation 1), showed that the maturation 
of secretory proteins and peptides is critical for the bacteroid differentiation 
(Wang et al., 2010). Obstruction of NCR transport in the dnf1-1 signal peptidase 
mutant correlated with the absence of terminal bacterial differentiation (Van de 
Velde et al., 2010). In another study (Horvath et al., 2015), it was reported that 
inactivation of a single NCR gene (NCR169) led to the early senescence of 
symbiotic nitrogen fixation in Medicago. However, these recent reports on 
studies in the functional analysis of NCRs during nodulation is still in its infancy 
representing only a handful of the functional activity of this large gene family.  
Identifying in vitro antimicrobial activities of cationic NCRs (Ordogh et al., 
2014; Tiricz et al., 2013) have indicated that NCRs resemble defensin type 
antimicrobial peptides. Such NCRs partly disturb the microbial membranes 
(Mikulass et al., 2016) or interact with proteins involved in transcription, 
translation, and cell division in the Sinorhizobium meliloti-M. truncatula 
symbiosis (Farkas et al., 2014; Penterman et al., 2014; Van de Velde et al., 
2010). 
 Alongside the role of NCRs in defense responses in rhizobium-legume 
symbiosis, there are findings that cysteine rich peptides can also function as 
signalling peptides regulating the root developmental pathways (Marshall et al., 
2011). The presence of the highly conserved 4-6 cysteine residues in the NCRs 
therefore provides a strong case to investigate if NCRs have additional roles 
beyond anti-microbial functions.  
Evolutionary lineages in legumes have been derived from a common 
ancestor 60 million years ago (Lavin et al., 2005). In the Papilionoid clade 
including M. truncatula, evolution of nodulation for endosymbiotic nitrogen 
fixation has been greatly shaped by the whole genome duplication event 
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approximately 58 mya (Cannon et al., 2010). M. truncatula gene duplication is 
3.1-fold higher than in G. max and1.6-fold higher than in Arabidopsis (Young et 
al., 2011). The excess local gene duplications in M. truncatula occurs genome-
wide and affects many gene families (Young et al., 2011). This appears to have 
resulted in amplification and rearrangement of many gene families (e.g. F-box 
gene families, nucleotide-binding site and leucine-rich repeat NBS-LRR) and 
retention of paralogous genes (NOD FACTOR RECEPTOR, NFP and 
ETHYLENE RESPONSIVE FACTOR FOR NODULATION, ERN1) (Young et 
al., 2011).  
Among the amplified gene families, the NCR gene family of M. truncatula 
and its close relatives with indeterminate nodule-type (Kato et al., 2002) is 
noteworthy (Young et al., 2011). The rapid expansion of the NCRs is thought 
to be associated with gain of nodulation function in legumes (Nallu et al., 2013).  
With the emergence of phylogenetic evidence that local gene duplications 
shape gene family expansion (e.g. F-box family; Young et al., 2011) in 
Medicago, and the discovery that some nodule related genes have co-evolved 
from their ancestor and conserved (Young et al., 2011) it can be hypothesised 
that NCRs play more diverse roles than just as defensins. Consistent with the 
reshaping of the genome during the course of evolutionary events and the 
broad-scale difference observed in spatio-temporal expression profile of NCRs, 
the question is raised, if NCR genes have co-evolved from pre-existing ancient 
gene families. Hence, we know relatively little about if the roles of NCR genes 
expanded after the numbers of NCR genes expanded. 
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1.8 The circadian system in Arabidopsis and legume plants 
Circadian systems are widespread endogenous mechanisms that allow 
organisms to co-ordinate daily temporal cycles of day and night in accordance 
to their physiological changes. Their wide distributions have evolved in several 
organisms, from prokaryotic cyanobacteria to mammals, indicating their 
importance in biological processes. Among the extensive pathways of 24 h 
oscillatory rhythms that are under  the circadian system; nitrogen-fixation in 
cyanobacteria, olfactory responses in Drosophila and sleep patterns in humans 
can be mentioned (Young and Kay, 2001). 
In plants, interaction with the environment heavily relies on the periodic 
circadian rhythm for effective output and performance. These internal clock-
generated biological rhythms allow the plants to anticipate environmental 
changes, resulting in regulation of physiological and developmental adaptation. 
The endogenous clock in plants and circadian rhythms are involved in control 
of numerous physiological processes (Figure 1.8; Yakir et al., 2007) including 
photosynthesis, leaf movement, hormone responses, stem elongation and 
stomatal opening but also root development (Harmer, 2009; Michael and 
McClung, 2003; Pruneda-Paz and Kay, 2010). 
Gene expression in plants is also tuned to periodic circadian rhythms to 
optimize performance relative to light/dark periods when grown in day/night 
cycles. Much of our understanding of plant circadian clock comes from the 
model plant Arabidopsis (Yakir et al., 2007). Transcriptomic investigation of the 
Arabidopsis genome has indicated that about one-third of transcripts are under 
circadian regulation (Covington et al., 2008; Michael and McClung, 2003), and 
the case is likely to be similar in other species.  
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Figure 1.8  The regulatory role of the circadian system affects most aspects of 
the plant life-cycle. (A) Germination, (B) hypocotyl elongation, (C) leaf 
movements, (D) circumnutations, (E) shade avoidance, (F) flowering time, (G) 
flower opening, (H) scent production, (I) tuberisation, (J) winter dormancy, (K) 
stomatal opening, (L) photosynthesis, (M) photoprotection, and (N) protection 
from temperature extremes (Yakir et al., 2007). 
 
Studies in Arabidopsis thaliana of clock gene mutants revealed that a 
core circadian oscillator feedback loop is necessary in plants to connect 
morning- and evening-phased loops (Pruneda-Paz and Kay, 2010). The two 
Myb-type transcription factors CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) 
and LATE ELONGATED HYPOCOTYL (LHY) have peak oscillations around 
dawn (Yamashino et al., 2008), and reciprocally regulate another transcription 
factor, TIMING OF CAB (TOC1) (Alabadi et al., 2001). These two MYB TF(s) 
are morning expressed and TOC1 is an evening-phased pseudoresponse 
regulator (Alabadi et al., 2001; Strayer et al., 2000; Wang and Tobin, 1998). 
CCA1 and LHY act as partially redundant genes (Mizoguchi et al., 2002; 
Salome and McClung, 2005) that directly repress TOC1 by binding to the 
Evening Element (EE) motif (Alabadi et al., 2001; Harmer et al., 2000) in the 
gene promoter. This EE motif (AAATATCT) is frequently overrepresented in 
clock-regulated gene promoters with a peak expression in the evening. 
Regulation via the EE motif is sufficient to drive the evening phased rhythms 
(Harmer et al., 2000; Harmer and Kay, 2005; Pruneda-Paz and Kay, 2010). The 
evening module also consists of the GATA motif which is associated with clock 
responsive genes (Manfield et al., 2007). 
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In legumes, homologs of the Arabidopsis circadian system have been 
studied in soybean (Glycine max), pea (Pisum sativum), common bean 
(Phaseolus vulgaris) and Medicago truncatula. The Arabidopsis clock 
homologs in legumes follow similar expression patterns, indicating that the 
legume plant clock is conserved and similar to that of  Arabidopsis (Song et al., 
2010). For example, functional characterisation of two pea clock genes LATE 
BLOOMER1 (LATE1; an ortholog of Arabidopsis GIGANTEA, GI) and DIE 
NEUTRALIS (DNE; ortholog of Arabidopsis ELF4) in the mutants late1 and 
dne1 were found to be photoperiod insensitive (Hecht et al., 2007; Liew et al., 
2009). Under continuous weak light and dark conditions, the pea late1 mutants 
not only exhibit a stronger clock phenotype than the Arabidopsis gi mutants but 
also show arrhythmic expression of pea TOC1, DNE (ELF4) , and MYB1  (LHY  
homolog) genes (Hecht et al., 2007). 
Study of CCA1 and PRR5 (Pseudo Response Regulator 5)  in the model 
legume Lotus japonicus found that the circadian rhythm in heterologous cells 
of L. japonicus is comparable to that of Arabidopsis core clock genes (Ueoka-
Nakanishi et al., 2012). In soybean, the existence of diurnal oscillations and its 
connections to drought stress have been studied. The expression of several 
circadian genes such as LCL1-, GmELF4- and PRR-like genes were reduced 
in drought-stressed soybean with a phase advance of expression for 
the GmTOC1-like, GmLUX-like and GmPRR7-like genes (Marcolino-Gomes et 
al., 2014). Analyses of the upstream promoter region of these soybean genes 
also revealed the presence of cis-regulatory elements associated both with 
circadian clock and stress (Marcolino-Gomes et al., 2014).  
 
1.9 Plant circadian clock in roots and nutrient acquisition 
The molecular mechanisms of the circadian clock have been mostly 
studied in leaves or hypocotyls, with an emphasis on investigating the 
interactions of day-night cycles (de Montaigu et al., 2010; Nozue et al., 2007). 
In plants, the above ground shoot system perceives the light signal, and the 
underground root system is involved in water and nutrient acquisition.  
Oscillatory rhythms in root growth rates under diel conditions (constant 
light and dark) have also been demonstrated in rice and Arabidopsis (Iijima and 
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Matsushita, 2011; Yazdanbakhsh et al., 2011). Different rhythmic properties 
(period and amplitude) of the root and shoot circadian clocks have been shown 
to have different responses to light, indicating an organ-specificity in plant 
circadian system (Bordage et al., 2016). For example, in Arabidopsis, the root 
circadian clock has been shown to be different than the shoot clock. The root  
not have an evening loop because transcription factors CCA1 and LHY, inhibit 
gene expression in shoots but not in roots (James et al., 2008). 
Apart from the various diel growth rhythms described in vascular plants 
(Walter et al. 2009), plant growth is regulated by environmental factors such as 
water and nutrient availability. Water and nutrients acquired by the roots are 
transported to the plant shoot and plant growth at the molecular level is 
modulated through a complex gene regulatory network whereby circadian clock 
acts at multiple levels (Farre, 2012). 
NMR microimaging in Arabidopsis has been used to discover that root 
water content oscillates with a peak at dusk (Takase et al. 2011) under both 
constant light and darkness. This study showed that water transport in the root 
and the expression of two aquaporin genes AtPIP1;2 and AtPIP2;1 were under 
the regulation of circadian rhythm. The circadian rhythm affects N-assimilatory 
pathway such as glutamate, glutamine and other N-metabolites under the 
regulation of master TF clock CCA1 (Gutiérrez et al., 2008) and an expanding 
network of CCA1 oscillatory components (Figure 1.9, Kay, 2010). In 
Arabidopsis lateral roots (LR), overexpression of core clock components LHY 
and CCA1, represented by a single gene in M. truncatula and G. max; (Hecht 
et al., 2005), have been shown to oscillate in LR primordia and rephase during 
LR development (Voss et al., 2015). As such, investigation of the circadian 
clock in another root lateral organ, the legume nodule, is highly relevant for 
understanding how the rhizobium-legume symbiosis is regulated. 
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Figure 1.9 Clock models as linear 
signalling pathway and as a signalling 
network. (A) Early models of the circadian 
system with three discrete components: a 
central oscillator or clock, resetting 
pathways that change the clock phase in 
response to environmental changes (light 
and temperature inputs) and a variety of 
rhythmic outputs. (B) Model from 
accumulating data depicting the more 
complex network of the circadian system. The oscillator consists of multiple 
coupled feedback loops (solid coloured lines). Clock genes demonstrating 
multiple functions, acting within the oscillator and in clock input and output 
signalling pathways (dotted lines). Clock outputs can feed back to regulate 
clock components and input signalling pathways (dashed lines). Likewise, input 
pathways can regulate multiple clock genes and directly affect clock outputs 
(solid black lines) (Harmer, 2009). (C) The expansive regulatory network where 
the circadian oscillator and major plant signalling modules (red circles) are 
regulated in a reciprocal manner (black curved arrows, thick lines denote the 
higher importance as clock inputs). (Harmer, 2009; Michael and McClung, 
2003; Pruneda-Paz and Kay, 2010) 
 
 
 
 
 
 
 
 
 
 
 
c 
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1.10 Aims and Objectives  
 
This work aimed to investigate the intersection of control of nodulation, 
signalling and root development. The new work presented adds to the 
complexity of understanding of RL symbiosis and suggests a new role for 
members of the large gene family encoding for nodule cysteine rich peptides 
(NCRs). Briefly the investigation can be outlined as: 
Chapter 3: Root system architecture (RSA) for A17 and sunn-1 plants 
in nitrogen depletion or repletion in +rhizobia/-rhizobia was analysed. We 
utilized the sunn-1 mutant because of its hyper-nodulating phenotype and 
disrupted AON signals. Results from root phenotypic studies were integrated 
with the transcriptomic data of A17 and sunn-1 mutant. Using a systems biology 
approach we identified set of genes responsive to N status and rhizobia, 
including NCRs, that could be implicated in the rhizobia/nitrogen regulation of 
root development. 
 Chapter 4: De novo motif discovery from the differentially expressed 
NCR genes was carried out. Whether the motifs were a feature of NCR 
promoters was analysed by testing if they were over-represented compared to 
other promoters of genes in the Medicago genome was carried out. This 
implicated the motifs to be feature of the NCR promoter genes. The motif 
landscape was evaluated, enabling smaller motifs to be found to occur as part 
of longer stretches of conserved sequences. 
 Chapter 5: An in silico TF search from the Arabidopsis thaliana database 
found TF(s) - CCA1, RVE1, ATHB15, ATHB16, AHL20 and AHL25 as putative 
motif binders. An orthology-based analysis was used to identify Medicago 
orthologs of these putative TF(s) and use of our A17-sunn transcriptomic data 
found them to b were found to be expressed genes in tissue that we 
hypothesised them to be active in. Quantitative PCR confirmed the perturbed 
level of mRNA expression in the homozygous lines identified from the Medicago 
mutant lines. 
 Chapter 6: Transcriptomic time series data of A17 nodulating roots over 
a period of 48 hours was performed and gene expression changes investigated. 
We hypothesised that NCRs have a role beyond acting as anti-microbial 
peptides, and if the over-representation of circadian binding sites on NCR 
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promoters was functional, that the NCRs would oscillate over time. Preliminary 
findings from the time series are presented.  
 
Impact of this PhD thesis 
A combination of promoter analyses, systems biology integration of 
phenotypic and transcriptomic data, including a time series, for the model 
legume Medicago truncatula has laid an exciting foundation to suggest the 
existence of a nodule circadian clock. This new data enable the investigation of 
root circadian links to legume-rhizobium symbioses. 
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Chapter 2: Materials and Methods 
 
 
2.1 Plant Material 
Medicago truncatula seeds cv. Jemalong line A17 (sequenced reference 
accession, denoted here as ‘wild type’) were obtained from the IGER seed bank 
(Aberystwyth, http://www.igergru.ibers.aber.ac.uk). Seeds of the A17 
background with hypernodulating phenotype sunn-1 mutant (super numeric 
nodules) (Schnabel et al., 2005) was kindly provided by Giles Oldroyd (John 
Innes Centre). 37 Medicago Tnt1 lines in the R108 background was procured 
from The Noble Research Institute, Oklahoma, US with the kind help from 
Jiangqi Wen. The Medicago lines that were found to be defective from the 
BLAST search all the ortholog genes were  (Expressed ortholog lines: NF2784, 
NF17115, NF13921, NF1531, NF17813, NF2932, NF9265, NF3772, NF5835, 
NF13955, NF1297, NF5993, NF17550, NF20691, NF16461, NF17277, 
NF20547, NF3697, NF11111, NF1264, NF20437, NF0908, NF1084, NF1729, 
NF14210 NF11854) and (Non-expressed ortholog lines: NF8126, NF12227, 
NF7335, NF5999, NF14591, NF19358, NF17814, NF17813, NF5993, 
NF10395, NF19167, NF21293)  Also see Table 5.1-1 and 5.1-2 with their 
corresponding genes and co-ordinates. 
 
2.2 Plant Growth 
 
2.2.1 Medicago seed extraction and scarification  
Seeds were extracted from the pods by crushing on a corrugated rubber 
mat with a plasterer's hawk. Care was taken to protect the seeds from damage 
during pod-crushing and the seeds were collected by a pair of forceps into in a 
50 ml Falcon tube. Chemical scarification with 3-5 ml of concentrated sulphuric 
acid was used to break the outer seed covering which appeared as 5-6 dark 
spots on each of the seeds. Excess H2SO4 was removed using a pipette then 
seeds were thoroughly rinsed (3-4 times) with sterile water. 
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2.2.2 Surface sterilisation and germination 
Seeds were sterilised in bleach:water (7% sodium hypochlorite) with 
intermittent agitation for 3 min, then rinsed in sterile water for 4 times. Sterile 
seeds were soaked in the last wash of water for 4-5hours of imbibition. Seeds 
were then sown on 1.5% phyto-agar in sterile 12 cm square petri-plates 
(Greiner Bio-one) and sealed using 1.25 cm x 9.1 m microporous tape (3MTM 
MicroporeTM). Seeds were wrapped in aluminium foil and kept in the dark in a 
4°C cold-room for optimal synchronisation of germination for 3 days. Seeds 
were then incubated inverted (to promote straight radicle emergence) in a 
growth chamber (MLR-351H, Sanyo, E&E Europe BV, Loughborough, UK) at 
25°C under fluorescent lights (16/8 hr light/dark photoperiod) for 5 days. 
 
2.2.3 Medicago seedlings growth on phyto-agar  
Germinated Medicago of 6-7 seedlings were transferred on modified low 
N Fahräeus medium in between two layers of a growth pouch (CYGTM 
Germination Pouch, West St. Paul, MN, United States) overlaid on solid 
Fahräeus medium (Vincent, 1970). The modified N-free Fahräeus medium 
contained the following macronutrients (0.5 mM MgSO4.7H2O, 0.7 mM KH2PO4, 
0.4 M Na2HPO4.2H2O, 0.1 mM) and micronutrients (20 mM Ferric citrate, 8 mM 
MnSO4, 4 mM CuSO4, 7.34 mM ZnSO4, 16 mM H3BO3, 4.13 mM Na2MoO4). 
The source of N as NH4NO3 was added as 0.1 mM for deplete and 5 mM for N-
replete conditions.  
The pH of media was adjusted to 6.5 using KOH and 1.5% (w:v) phyto-
agar was added before autoclave sterilization. Then 0.075 μM (S)-trans-2-
Amino-4-(2-aminoethoxy)-3-butenoic acid hydrochloride (AVG) and 1 mM 
CaCl2 was added to the cooled (around 60◦C) medium. The medium was then 
poured into sterile square Petri dishes Corning 500 cm2 Square TC-Treated 
Culture Dish (Wilford Industrial Estate Ruddington Lane, Nottingham, UK); AVG 
is an ethylene inhibitor (Peters and Crist-Estes, 1989) and it is needed for 
enhancing nodulation by promoting infection events of the S. meliloti (Oldroyd 
et al., 2001; Penmetsa et al., 2003). To make the experiments comparable, 
AVG was added to the growth medium in all experiments for WT Medicago A17 
and sunn-1. Plates were wrapped with black plastic bags (to cover the roots to 
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mimic soil conditions) and grown vertically in the growth chamber (25◦C, 16/8 
hr light/dark) for 4 days. 
For Medicago Tnt1 lines that had been genotyped, homozygous and 
WTS plants along with with R108 as wild-type background control were 
germinated and transferred to modified Fahräeus agar containing 5 mM of 
NH4NO3  as above. Tnt-1 lines for the ATHB15 gene family were grown on MFM 
for 7 days and Tnt-1 lines for CCA1 and RVE1 genes were grown for 25 days. 
The difference in the duration of the growth is because cca1 and rve1 mutant 
lines took a longer time to properly develop roots; preliminary phenotypic data 
not shown. 
 
2.2.4 Plant growth conditions for characterisation of Tnt-1 mutants 
For Tnt-1 Medicago lines the germinated seedlings were transplanted 
onto a Medicago soil mixture of 1 part Levingtons F2s, 1 part Vermiculite plus 
Osmocote added at 3 gm per liter. Plants were grown in a glasshouse regulated 
to 22ºC with a 16/8 hr light/dark photoperiod. The pots were covered with plastic 
lids for 3-4 days to maintain high humidity. Leaf disc samples were collected for 
genotyping 10 days after transplantation. Plants were grown in glasshouse until 
maturity (typically 3 months). Watering was discontinued during the seed-
setting stage. All the plants were then covered with transparent plastic bags for 
drying and harvest pf seedpods. Harvested seeds were kept in paper bags at 
room temperature in laboratory conditions. 
 
2.3 Rhizobium treatments 
 
2.3.1. Growth of rhizobia on solid TY media 
Rhizobium strain Sinorhizobium meliloti 1021 was cultured on agar TY 
medium and CaCl2 (Journet et al., 2006) composed of 5 g l-1 bacto-tryptone, 3 
g l-1 yeast extract and 1.2% (w:v) bacto-agar into sterile deionised water. The 
medium was then autoclaved and 6 mM CaCl2 was added to the cooled (around 
60ºC ) medium. Rhizobial liquid culture from a stock was streaked out onto the 
solid medium and incubated for 3-4 days at 28ºC. 
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2.3.2 Rhizobial liquid cultures for inoculation 
Rhizobium inoculants was prepared by spot-inoculating rhizobia into 
liquid TY/Ca2+ medium incubated at 28ºC  while shaking at 220 rpm to an OD600 
of 1 as measured using a spectrophotometer. Cells were harvested by 
centrifugation (4000 rpm, 10 min, 4ºC) and re-suspended in 20 ml liquid 
modified Fahräeus medium (supplemented with the same concentration of 
NH4NO3 as the modified Fahräeus agar medium). The final OD600 value of 
resuspended rhizobium culture used for inoculation was 0.02-0.05. In all 
conditions, 4d old Medicago seedlings grown in modified Fahräeus media were 
inoculated evenly with 2 ml of S. meliloti 1021 solution (OD600 = 0.02-0.05). 
Mock inoculation (as control) was carried out by treating seedlings with 2 ml of 
sterile liquid modified Fahräeus medium without rhizobium. 
 
2.3.3 Plant treatment and growth conditions for A17 and sunn-1 
microarray and A17 time-course experiment 
For A17 and sunn-1 microarray analysis, mock- and rhizobia- inoculated 
A17 and sunn-1 plants were incubated in the growth chamber for 14 days after 
germination. At 14 days post inoculation (dpi), roots were treated with 2ml liquid 
modified Fahräeus medium supplemented with NH4NO3 (deplete or replete N 
concentration) per plate. Inoculated plants on plates were kept in the incubator 
for further 2 days. Hence, plants were incubated for 16 dpi for analysis of root 
system architecture. For the A17 time-course (48 hrs) experiment, rhizobium 
inoculation and transfer on to the modified deplete N Fahräeus agar medium 
(0.1 mM NH4NO3) were performed on the same day for the A17 germinated 
seedlings. Plates were sealed, wrapped in black plastic bags and kept in the 
growth chamber for 7 days (16/8 hr light/dark photoperiod). 7 dpi roots were 
treated with 1-2 ml liquid modified Fahräeus medium supplemented with 
NH4NO3 (deplete or replete N concentration) per plate then placed on fresh 
plates of Fahräeus agar medium supplemented with the same NH4NO3 
concentration as the treatment. All the inoculated plants were grown in deplete 
or replete N conditions for 0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44 and 48 
hours in the growth chamber. The whole root system with nodules was 
harvested in liquid N2 and stored at -80°C for grinding.  
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For the timeseries, four biological replicates of Medicago A17 wild type 
seeds were scarified, germinated, grown on low N Fahräeus medium and 
inoculated with rhizobia as described above.  However, the inoculation was 
performed on 4 days old seedlings with transfer to low N for growth on the same 
day. Then 7 dpi whole plants were transferred to fresh Fahräeus medium with 
replete N (5 mM) to collect the whole roots every 4 hours for a period of 
48hours.  
 
2.3.4 Probe specificity for the NCR genes on the NimbleGen microarray 
Roche NimbleGen microarray probe design is based on the 
methodological strategy similar to WindowMasker program 
(www.repeatmasker.org). Based on this strategy, to avoid non-specific binding, 
Roche NimbleGen identified and excluded highly repetitive elements in the 
genome or transcript sets for probe design (Morgulis et al., 2006). In this thesis, 
the hybridisation specificity of the NimbleGen probes of NCR genes was 
analysed with a nucleotide BLAST method. Probe sequences for each of the 
185 NCRs on the Nimblegen microarray, represented by 2-3 probes each (530 
probes in total), were used to BLAST against M. truncatula 4.0 genome on 
Ensembl plants (plants.ensembl.org). BLAST results of 10 randomly selected 
NCR genes are given on Appendices Table 2 as an example. 
 
2.4 Phenotyping of Medicago roots and nodules  
 
2.4.1 Whole root architecture quantification 
Plant roots were scanned using a Scanjet G2710 flatbed scanner 
(Hewlett-Packard) at highest resolution to image for all the plants in biological 
replicates (6 seedlings per plate). Roots of A17 and sunn-1 plants for 
microarray experiments were scanned at 14 dpi. For A17 plants in time-course 
experiments phenotyping was carried out at 21 dpi after rhizobium inoculation 
(14 days after the plants were transferred to deplete or replete N conditions). 
The number of LRs and nodules (for rhizobia inoculated seedlings) were 
counted. Root architecture was measured using ImageJ 
(http://rsbweb.nih.gov/ij) (Schneider et al., 2012). The primary root (PR) length, 
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the number of lateral roots (LR number) and the length of every LR was 
measured. From this the following were calculated: total LR length, average LR 
length (LR length ave), total LR plus PR length (PR+LR tot) and lateral root 
density (the number of LRs per cm of PR).  
 
2.4.2 Statistical analysis of root system architecture 
Phenotype data was analysed using R with a Shapiro-Wilk test used to 
test data normality and a Bartlett test was used to test data variance. A pairwise 
Wilcox test was used to assess differences for significance using the Benjamini-
Hochberg method. Data boxplots were generated using the R package ggplot2. 
 
2.5 Genotyping primers 
 
2.5.1 Primer designs for Tnt-1 Medicago lines screening 
 
2.5.1.1 Tnt-1 and gene specific primer (GSP) design  
Forward primers and reverse primers for Tnt-1 insert Medicago mutants, 
Tnt1-Fg and Tnt-1Rg, Tnt1-Fg1 and Tnt1-Rg1 (Table 2.5-1) were used for PCR 
screening. Tnt primer sequences were used as (Cheng et al., 2014). Primer3 
(version 4.1.0) was used to design the gene specific primers (GSP) based on 
R108 genomic sequence at ~1000 bp away from the flanking sequence target 
(FST) site for each of the mutants. Lack of secondary structure formation was 
checked on Beacon designer (Premier Biosoft International). The primers were 
designed to match the properties of the Tnt-1 primers as; primer length of 22-
24 bp, 35-45% GC content, with no G or C clusters longer than 4 and presence 
of either G or C at the 3’ end of the primer. Gene specific primers were tested 
for amplification efficiency on A17 and R108 genotype DNA before use in 
genotyping. The sequence of all the tested GSPs used in the mutant genotyping 
are listed on table 2.5-1 and 2.5-2.  
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Table 2.5.1 List of Tnt-1 primers and sequences 
No. Primers (Tnt-1) Sequence 5’-3’ 
1. 
 
2. 
 
Tnt1Fg 
Tnt1Fg 
Tnt1Fg1 
Tnt1Rg1 
ACAGTGCTACCTCCTCTGGATG 
CAGTGAACGAGCAGAACCTGTG 
CCTTGTTGGATTGGTAGCCAACT 
TGTAGCACCGAGATACGGTAAT 
 
Table 2.5.2 List of GSPs used for genotyping and sequences 
No. Primers (GSPs) Sequence 5’-3’ 
1. 
 
2. 
 
3. 
 
4. 
 
5. 
 
6. 
 
7. 
 
8. 
 
9. 
CCA1-2-Fp2 
CCA1-2-Rp1 
NF16461-Fp1 
NF16461-Rp1 
RVE1-Fp1 
RVE1-Rp2 
NF1729-Fp1 
NF1729-Rp1 
NF0908-Fp1 
NF0908-Rp1 
NF5993-Fp2 
NF5993-Rp1 
NF5999-Fp1 
NF5999-Rp1 
NF12227-Fp1 
NF12227-Rp1 
NF5835-Fp1 
NF5835-Rp1 
CTCAAAACATGGCGGCTTAC 
AGTGGCTGAGATTGGTTGTG 
AATGAACGATTTTAGCAGCGG 
TTTGGCCGTATGCAAATGTAG 
GTTTTTGCTCTGATTTGTGTTGG 
GCAACTCCAATCATGGTCGTG 
AGTTTGGAAGATGGAAGTCTTGT 
GACTAAGCAGATTTGAGAATTGAG 
ATTGGTTCATGTTGATGGGAA 
AGATGACAATTGAATCGTGGC 
TAGGAGGACCCCGTGAAAATAG 
CTCTTCCCCTTCTTGTTGGAGA 
AGGGGCTAAATTGATGTTTTG 
GACAAGAGTTGGTGAAATGTG 
GTCAACAACAACACAGCTCAC 
CTAAGATGCATGTTTCCTCAGAG 
ACCCATGGAAAAAGAGTGGG 
AGCCAGCGATGTTACAAGAAG 
 
2.6 Genomic DNA isolation 
 
2.6.1 Plant genomic DNA extraction 
The rapid 5% Chelex method using Chelex 100 chelating resin was used 
for genomic DNA extraction for Tnt-1 line genotyping (HwangBo et al., 2010).  
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Leaf discs of plant leaves were crushed in 120 μl Chelex solution at room 
temperature until a homogenized mixture was generated. Samples were 
vortexed and heated in Thermocycler at 99ºC for 10 mins then cooled down at 
room temperature and centrifuged at 4000g for 10 mins. 40μl of the supernatant 
was transferred to new tubes and a 1:10 dilutions were made for use in 
polymerase chain reaction (PCR). 
 
2.6.2 PCR conditions and gel electrophoresis 
For Medicago Tnt-1 line genotyping, PCR was performed in a 
thermocyler (Applied Biosystems, Invitrogen, Carlsbad, CA, USA). MyRed Taq 
DNA polymerase (Bioline) was used for all the PCR reactions (Tnt-1 and GSP). 
Each of 20 μl reaction mixture contained 4 μl 5x MyTaq red reaction buffer 
(Bioline Reagents Ltd, London, UK), 0.4 μl of each primer (forward and 
reverse), 0.2 μl MyTaq Red DNA Polymerase (500 Units) and 14 μl nuclease 
free water. PCR run was performed with a touch-down program (Cheng et al., 
2014) as given on table 2.6.1. 
The PCR product samples were then analysed using agarose gel 
electrophoresis. 1 % w/v agarose solution was prepared with 1xTAE buffer (Tris 
base, acetic acid and EDTA, prepared from a 50x stock solution). The agarose 
was melted in a microwave oven by heating and cooled prior to adding nucleic 
acid stain GelRed or SYBR safe. This mixture was poured into a gel casting 
tray (Thistle Scientific, Glasgow, UK) with a toothed plastic comb. The comb 
was removed after the gel had set and was placed in a gel running tank (Thistle 
Scientific) filled with 1xTAE buffer to cover the gel.  PCR reactions (10 μl) were 
loaded into the wells. For product size comparison, known ladder 5 μl of 1Kb 
DNA HyperLadder I (Bioline) or 2 log DNA ladder (New England Biolabs, NEB) 
was loaded alongside the samples. The gel was run for ~50-60 mins at 90 V 
and 400 mA. The gel was viewed under ultraviolet light using a G-Box gel 
imaging system (Syngene International Limited, Biocon Limited, Bangalore, 
India). 
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Table 2.6.1 Touch down PCR program for genotyping Medicago Tnt1 lines 
Phase 1 Stage Temperature (°C) Time 
1 Denaturation 95 2 min 
2 
3 
4 
Denaturation 
Annealing            x 5 cycles 
Elongation 
95 
60 
72 
60 s 
15-30 s 
60 s 
Phase 2 Stage x 5 cycles Temperature Time 
5 
6 
7 
Denaturation 
Annealing 
Elongation 
95 
57.5 
72 
60 s 
15 s 
60 s 
Phase 3 Stage x 25 cycles Temperature Time 
8 
9 
10 
11 
12 
Denaturation 
Annealing 
Elongation 
Final extension 
Hold 
95 
55 
72 
72 
4 
60 s 
15 s 
60 s 
2.5-5 min 
- 
 
2.7 Real time quantitave PCR (qPCR) Primer design for Medicago mutants  
Primer3 (version 4.1.0) was used to design primers for qPCR based on 
R108 genomic sequence within the last 500 bp of each gene and with a product 
size less than ~200 bp. Lack of secondary structure formation was checked on 
Beacon designer (Premier Biosoft International). In general the properties of 
primer pairs were: primer length of 22-24 bp, 35-45% GC content, with no G or 
C clusters longer than 4 and presence of either G or C at the 3’ end of the 
primer. Primer efficiency or qPCR efficiency on A17 and R108 genotype cDNA 
was evaluated by using linear calibration curve and melting curve analysis. 
Linear calibration curves were obtained from serial dilutions (10-1 to 10-7) of 
cDNAs in equal fraction. Linear regression analysis of Ct versus log(dilution) 
was used to derive the efficiency as, m = -(1/log E), where m is the slope of the 
regression line fit derived from standard curve and E is the efficiency of the 
primer (Schmittgen and Livak, 2008).  Primers used as two reference genes for 
normalisation were β-Tubulin (Kakar et al., 2008) and protodermal factor 2, 
MtPDF2 (Picard et al., 2013). The sequence of all the qPCR primers (with the 
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target genes) used to quantify the relative gene expression in homozygous, 
WTS and R108 Medicago plants are listed on table 2.7.1.  
 
Table 2.7-1 List of qPCR primers used for relative mRNA quantification in 
the homozygous and WTS seedlings of Tnt1 M. truncatula lines 
Medicago orthologous gene Primer sequence from 5’-3’ 
β Tubulin 
Medtr7g089120 
TTTGCTCCTCTTACATCCCGTG 
GCAGCACACATCATGTTTTTGG 
MtPDF2 
Medtr6g084690 
GTGTTTTGCTTCCGCCGTT 
CCAAATCTTGCTCCCTCATCTG 
CCA1 
Medtr7g118330 
CACAAAACAAAGAGAACGATGG 
ATGGCTCCTGATTTGCACAG 
RVE1 
Medtr5g076960 
CAGAGAGAAAAGTGGACAGATGAA 
AAAACTTCTGAGCATGACTTCG 
ATHB15 
Medtr2g030130 
CAGCACGAGACTTTTGGACACT 
GAAAACCACTTGGAAGCATTTC 
ATHB15 
Medtr3g109800 
GACTTGACATGCTTGAAACCAC 
GGATAAACAAATACCGCCTTGA 
ATHB15 
Medtr4g058970  
GGGGAACCATTGAGCTTATTTAC 
GCCATTGTCCAAAGTTGTAGTG 
 
2.7.1 Quantitative PCR on Medicago mutants  
Master mixes for qPCR were prepared using fluorescent dye SYBR 
Green I (Sigma-Aldrich, St Louis, MO) according to the manufacturer's protocol, 
with primer pairs listed in Table 2.7.1. A cycle of 94°C for 15 s, 60°C cycles of 
94°C (15 s) and 60°C (30 s) was used for amplification in a LightCycler 480 
system (Roche). CCA1, RVE1 and ATHB15 were normalised to internal control 
reference gene expressions (β-Tubulin, Medtr7g089120, and MtPDF2 
Medtr6g084690). The expression of the reference/control gene b-Tubulin was 
checked in the transcriptomic time series data. Relative fold change was 
calculated by using mean CT of the test genes and internal reference genes as 
follows: E-DCt of test genes/ E-DCt of reference genes, where DCt of test genes is 
given by DCt for test genes (calibrator-test gene) and DCt of reference genes 
(calibrator-test gene). 
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2.8 RNA isolation from whole root samples and cDNA synthesis 
 
2.8.1 Extraction of RNA for expression profiling and qPCR 
For microarray experiments, whole roots from four independent 
biological replicates were harvested and collected in aluminum foil bags into 
liquid N2 for flash freezing. Root samples were stored for RNA extraction at -
80°C  (for A17 time-course experiments) or crushed in liquid N2 and RNA 
isolated immediately (for real time qPCR of Tnt-1 Medicago mutants). The 
Monarch Total RNA miniprep kit from New England Biolabs (NEB) was used 
for all RNA extraction following the manufacturer’s instructions. Frozen roots 
were ground completely in liquid N2 in a chilled mortar and pestle then 400 ul 
of diluted protection buffer (from Monarch Total RNA miniprep kit, New England 
Biolabs, NEB) immediately added and mixed by pipette. All the extraction steps 
after this point were performed at room temperature following the 
manufacturer’s instructions and RNA was eluted in nuclease free dH2O and 
stored at -80°C  for future use. 
 
2.8.2 RNA integrity check and testing for gDNA contamination 
RNA quality was checked by analysing the RNA samples mixed with 
0.5% Orange-T dye using gel electrophoresis. To verify the lack of gDNA 
contamination from the RNA samples, a PCR of 35 cycles was performed using 
b-Tubulin as reference gene primer. The samples were then analysed using gel 
electrophoresis to compare with PCR products from a positive control reaction 
that used gDNA as template. 
 
2.8.3 First strand cDNA synthesis for qPCR of mutant screening 
An optimised mix of ProtoScript® II First Strand cDNA Synthesis Kit 
(NEB, US) was used for first strand cDNA synthesis of the clock (CCA1, RVE1) 
and ATHB15 line RNA samples. Following the manufacturer’s protocol, 200 ng 
of RNA template was mixed with a master-mix that contained Oligo d(T)23, 
ProtoScript II Reaction Mix (2X), ProtoScript II Enzyme Mix (10X) and nuclease-
free water. The mixture was incubated at 42°C for 1 hour then the enzyme heat-
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inactivated by heating at 80°C for 5 minutes. The synthesised cDNA samples 
were flash-frozen in liquid N2 and stored at -20°C. 
 
2.8.4 cDNA synthesis and amplification for microarray timeseries 
For microarray experiments, double-strand cDNA synthesis and 
amplification was carried out using the Ovation Pico WTA System (NuGEN 
Technologies Inc., San Carlos, CA, USA) following the manufacturer’s 
instructions. The cDNA was then purified using Qiagen Qiaquick PCR 
purification kit following the manufacturer’s instructions. The cDNA was 
quantified using a Nanodrop set to measure the quantity and purity of the cDNA. 
 
2.9 Promoter analyses of A17 and sunn-1 microarray data 
2.9.1 Motif search  
The [-200,-1], [-500, -1] and [-1000, -1] upstream regions of all the 62319 
genes in Mt4.0 genome version were retrieved from the J. Craig Venter Institute 
http://www.jcvi.org/medicago/. The upstream sequence was used for the 
search with a parameter setting of motif minimum width 6 and maximum width 
of 12 bp. Promoter motif analysis for groups of co-regulated genes from 
hierarchical clustering was carried out by using MEME-LaB (Brown et al., 2013) 
and MEME suite (Bailey et al., 2015). de novo motif discovery runs were 
performed on either strand of unaligned sequence within the set of co-regulated 
genes and the promoter region was restricted to 500 bp upstream of the 
transcriptional start site, TSS for each open reading frame, ORF as most of the 
regulatory binding sites fall into these regions (Spellman et al., 1998). To find 
strongly supported motifs the maximum number of motif outputs were restricted 
to 3 per analysis with the option of motif sites distribution set as zero or one 
occurrence per sequence. 
 
2.9.2 Investigation of motif structure in Nodule Cysteine Rich secreted 
peptides (NCR) promoters 
For each set of promoters, position weight matrix (PWM) scanning was 
performed using FIMO (Find individual motif occurrence) to determine the 
number of motif sites. As test data input, promoter subsets of 4 specified 
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backgrounds were grouped together. The number of promoters in each set to 
be used as a training sequence data set was normalised to 185 (as 185 NCR 
genes were expressed based on analysis of the A17-sunn-1 microarray data). 
The background gene dataset was randomly sorted to form a non-overlapping 
set of 185 genes from the remainder of the M. truncatula genome that included 
non-expressed NCRs and all other non NCR genes The promoter sequences 
chosen to serve as background testing datasets were 1. expressed NCRs; 2. 
Non-expressed NCRs; 3. expressed non-NCRs; 4. non-expressed and non-
NCRs. FIMO runs were performed three times for each motif against each 4 
backgrounds. FIMO searched for MEME generated motifs against the 4 
background datasets that consisted of Mt4.0v1 upstream sequences with a p-
value < 1e-4 by scanning both the strands (Grant et al., 2011). After the scan, 
the mean motif hits were calculated and plotted using the R package ggplot2. 
 
2.9.3 Multiple sequence alignment of NCR promoters 
The upstream sequences of the Medicago genes retrieved from the 
Medicago genome database J. Craig Venter Institute 
http://www.jcvi.org/medicago/ were used for sequence alignment. A maximum 
of 500 nucleotides sequences were aligned using MAFFT (Multiple Alignment 
using Fast Fourier Transform) tools at EBI (European Bioinformatics Institute) 
(Katoh and Standley, 2013). Eight differentially expressed NCR genes were 
selected as representatives based on the presence of identified motifs in their 
promoters and motif 3 and motif 6 were positioned as two anchoring points. To 
give an optimal alignment for representation of motif conservation, we ran 
algorithms with a parameter setting of gap lowest open penalty 1 allowed in 
MAFFT, gap extension 0.5 and an iteration of 100 runs.  
 
2.9.4 Alignment view and editing 
JALVIEW version 10.9. (Waterhouse et al., 2009) was used to view the 
alignment generated by the MAFFT algorithm run. The processed files 
generated from MAFFT algorithm run were loaded as input sequences as 
.clustalw format. The alignment view was then manually edited for visualisation. 
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The same alignment parameters and file format were also used to view the 
alignment in Genious (version 11.0.2). 
 
2.10 Transcription factor search 
 
2.10.1 Tomtom motif comparison 
Tomtom, implemented in MEME Suite (Gupta et al., 2007), was used to 
quantify the similarity of de novo identified putative motifs to known motifs. 
Tomtom was used to search for query motif against the database of known 
motifs, taking all possible offsets and orientation of the DNA strands. Each 500 
bp upstream region was probed for the conserved binding sites. PWMs were 
created using 10 bp rolling frames over the most conserved regions as evident 
from the multiple sequence alignment; a rolling frame here refers to 10 bp 
stretch of nucleotide which all overlap by 5 bp to ensure the whole region is 
covered twice for a Tomtom run. Tomtom was performed against the following 
4 databases: JASPAR plants 2016, Arabidopsis PBM db from (Franco-Zorrilla 
et al., 2014) and the CIS-BP database from (Weirauch et al., 2014) for 
Arabidopsis (CISBP-At) and Medicago (CISBP-Mt). 
 
2.10.2 Orthology based analysis for TF(s) in Medicago 
A search for TFs was carried out in the Medicago genome by performing 
BLAST searches to compare each the amino acid sequences of Arabidopsis 
and Medicago TFs. A FASTA file of amino acid sequences for the genes of 
interest (Arabidopsis as query, Medicago as subject) in each genome was 
made in a BLAST database format. BLASTP (Altschul et al., 1990) was 
performed between each set of proteins using the tabular output setting and 
user specified significance threshold of 0.0001, The best hits from the BLAST 
comparison were visually assessed for conservation based on the significance 
E-values (~10-order magnitude difference in result hits) criteria. 
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2.11 Identification of Medicago mutants defective in orthologous genes 
 
2.11.1 BLAST search against the R108 genome sequence 
Unspliced gene-transcript sequences of A17 Medicago (including introns 
and UTRs) with co-ordinates were retrieved from JCVI. The A17 nucleotide 
sequences of all the ortholog genes were then indexed 200bp upstream and 
200bp downstream from the open reading frame (ORF) using SAMtools (Li et 
al., 2009b) in Bash. The trimmed A17 sequences were then used for BLAST 
search against the R108 genome (v1.0) 
http://www.medicagohapmap.org/tools/r108_blastform from the Medicago 
HapMap project that outputs an alignment score and R108 nucleotide co-
ordinates . As R108 released sequences are in scaffolds, the R108 co-
ordinates from the BLAST results could then be used for sequence extraction 
from the genome. R108 sequences were also kindly provided by Dr. Jiangqi 
Wen, Noble Research Foundation, Oklahoma, US. 
 
2.11.2 Tnt1 Retrotransposon inserted Medicago mutants identification 
A database of Medicago mutants (https://medicago-
mutant.noble.org/mutant/) from Noble Research Institute, Oklahoma, US) 
containing Tnt1 (Tadege et al., 2008) and FNB (Fast Neutron Bombardment) 
mutant population (Sun et al., 2018) in the R108 background was queried to 
identify mutant lines. The retrieved R108 sequences of each Medicago ortholog 
genes along with 200 bp upstream and downstream of the ORF region (as 
described in section 2.11.1) were used in a nucleotide BLAST (blastn) search 
against the population of high confidence Tnt-1 FSTs using default parameter 
settings of E-value cut-off 10-6. Medicago Tnt-1 lines were selected based on 
their E-values and % identity >  95. Other hits obtained on region outside of the 
queried co-coordinate sites were not considered as potential mutant lines 
defective in the orthologous genes. 
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2.11.3 FNB Medicago mutants identification 
The BLAST search was extended to identify Fast Neutron Bombardment 
induced Medicago lines (Sun et al., 2018). The same query co-ordinates and 
sequences of R108 Medicago ortholog genes (as described in section 2.11.1 
and 2.11.2) were used against the database of FNB-CNV (Copy number 
variation) sequences with default parameter settings. However, FNB Blast 
search resulted in identification of most of the hits outside the queried region of 
Medicago orthologous genes. Few generated hits Medicago FNB lines with low 
alignment identity (<  80%) and high E-values were not significant. Our queried 
gene sequence ranged from ~1000 to ~8600bp depending on the Medicago 
orthologous gene length. Hence, the short probeset sequence of FNB resulted 
in relatively high E-values in the BLAST search, because significant E-values 
calculation takes the query length into account.  High E-values with a shorter 
sequence alignment have a higher probability of occurring in the database 
purely by chance. Moreover, with current FNB tools utilising reference genome-
based tools it is hard to find the deletion region if the deletion occurs in the gap 
regions of the reference genome (Sun et al., 2018). Hence, FNB Medicago lines 
were not considered for further investigation. 
 
2.12 Microarray hybridisation experiment for time series of WT Medicago 
A17 
An oligonucleotide probe microarray of 12x135k from Roche-Nimblegen 
(Roche Applied Science, Penzberg, Upper Bavaria, Germany) was used to 
quantify transcript expression of Medicago mRNA. This platform used a custom 
design (OID36783) for the M. truncatula genome; each of 62,319 genes was 
measured with 2-3 unique 60mer oligonucleotide probes (total of 14,6171 
probes) per gene. 
Samples were randomised before being processed. The Nimblegen 
one-color DNA labeling kit was used following the manufacturer’s protocol. 
Purified and amplified cDNA (1 μg) was labeled with Cy3 fluorescent dye for 
single channel microarray analysis. The labeled cDNA was quantified using 
Nanodrop set to measure cDNA quantities then 4 μg (recommended for 
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eukaryote cDNA) of the labeled cDNA was hybridized at 42°C for 16-20 hours 
using the Nimblegen hybridisation kit and equipment. 
After washing and air-drying (using a microarray dryer) the slides were 
scanned on a Nimblegen MS 200 microarray scanner using the Nimblegen MS 
200 Data Collection Software. Cy3-labeled signal was excited using the green 
laser (for one colour array, 532 nm wavelength) to measure the hybridised 
probe fluorescence intensities. Parameter control was set following the 
Nimblegen user’s manual with recommended resolution scan of 12x135k at 2 
μm. Scan, auto or manual alignment were performed as per Nimblegen user’s 
manual using Nimblescan software. Feature extraction and data collection as 
.XY signal files (raw probe level data by coordinates on the microarray) was 
carried out by supplying the array coordinates (from the array design file, .ndf).  
 
2.12.1 Normalisation and quality control microarray experiments 
Microarray analysis was performed in the R statistical software 
environment. The pdInfoBuilder package and design file (.ndf) from the 
Nimblegen manufacturer was used to build an annotation package associated 
with the array design. The Oligo package (Carvalho and Irizarry, 2010) was 
used to import raw XYS files into the R session. For background adjustment, 
Robust Multi-Array Averaging (RMA) (Bolstad et al., 2003; Irizarry et al., 2003) 
was performed for all the slides using the Oligo package for R with quantile 
normalisation and summarisation (to gene level by median polish). 
 
2.12.2 Plotting expression of the NCR genes over time 
Normalised and background-corrected gene expression data were 
imported into R. NCR gene expression data for 48hours time-point in deplete 
and replete N conditions was extracted and plotted using the ggplot package in 
R. Promoters of the NCR genes were scanned for the presence of clock motifs 
(CCA1/RVE1) using FIMO as described in section 2.9.2 to sub-group the NCR 
promoter genes based on the presence of one or more CCA1/RVE1 motifs.  
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Chapter 3: Systems biology approach using root 
phenotyping and transcriptomic profiling identifies 
gene clusters responsive to nitrogen influx and 
rhizobial inoculation 
 
3.1 Introduction 
Establishment of legume symbiotic associations with soil-borne 
rhizobium bacteria regulate a number of developmental and metabolic changes 
in host plants and bacteria. While the root system of legume host plants form 
nodules to accommodate rhizobia, the bacteria in turn supply nitrogen to the 
plants through atmospheric N-fixation. Such coordinated processes of 
symbiotic nodule formation and N-fixation depend on the environment of soil N 
status. 
Both lateral roots and nodules are lateral root organs that govern root 
system architecture development. Genetic links between the control of 
nodulation and other nitrogen-responsive root development pathways, 
including lateral root development have been identified (Huault et al., 2014) . 
However, there are very few studies that characterise  root development during 
nodulation at the gene regulatory level.  
To study the RSA of nodulating plants and molecular cross-talk between 
rhizobium and nitrogen responses in legumes, we utilised wild-type A17 and 
the hypernodulating sunn-1 mutant that is impaired in correct AON signal 
controlling nodule numbers (Kassaw et al., 2015).  Using a systems biology 
approach, here root phenotypic studies with analysis gene expression have 
been integrated to address the interaction of rhizobium and nitrogen during 
nodulation. Medicago wild-type A17 and sunn-1 mutant were grown in deplete 
N (0.1 mM), inoculated with rhizobia or mock (- rhizobia) and at 14dpi 
transferred to N depletion or repletion. In this chapter, investigation of RSA 
measured at 16 dpi are presented (section 3.1.1) with microarray analyses (of 
whole root samples at 14dpi and treatment with 6 hours of N depletion or 
repletion, section 3.1.2). Three major regulated gene clusters and candidate 
genes strongly responding to combinations of rhizobium or nitrogen are 
discussed. 
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3.1.1 Response of root system architecture in A17 and sunn-1 
during interaction of rhizobium and N 
 
Root architecture changes of M. truncatula were investigated in roots of 
A17 and sunn-1 growing in deplete (0.1 mM) or replete (5 mM) N concentrations 
in absence or presence of S. meliloti (Fig 3.1 A). The deplete (0.1 mM) and 
replete (5 mM) concentrations of N were selected based on the N 
concentrations used at similar experiments on Medicago and Arabidopsis 
(Gifford, Unpublished results) and previous published studies (Jeudy et al., 
2010). Two biological replicates (n=6 plants per plate) of A17 and sunn-1 grown 
in deplete condition were included as mock (-rhizobia) or inoculated with S. 
meliloti at 14 days of growth after germination.  Plants were then transferred to 
deplete or replete N conditions and left to grow for 2 more days before root 
attributes were measured (Figure 3.1 A). 
In the presence of rhizobium, A17 nodule formation at replete/high N is 
inhibited (Figure 3.1.1 A, B). The primary root (PR) was significantly shorter 
compared to mock non-inoculated plants, irrespective of N status (Figure 3.1.1 
C). Of note is that the shorter PR of rhizobia-inoculated plants was also found 
during replete N (Figure 3.1.1 C) when nodulation is usually inhibited. This 
suggests a close co-ordination at the expense of nodule formation and root 
development driven by external N status. Moreover, rhizobia inoculation and 
nitrogen treatments seem to be additive in their effects on PR length, as PR in 
the rhizobia-and-replete N condition was shorter than in any other condition 
studied (Figure 3.1.1 C). Between replete/deplete N and rhizobia/mock-
inoculated conditions there was no significant difference in lateral root (LR) 
number or length for A17 (Figure 3.1.1 D–E; Table 3.1.1). 
As described above, compared to rhizobia-inoculated plants, mock-
inoculated plants had a longer PR (Figure 3.1.1 C, 3.1.1 H). In contrast sunn-1 
mutants had a significantly longer PR than A17 on replete N, either with or 
without rhizobia inoculation (Figure 3.1.1 H; Table 3.1.1-1). As reported in other 
previous findings (Jin et al., 2012), hyper-nodulant sunn-1 developed 
significantly more number of nodules than A17 wild-type, even on replete N 
level (5 mM NH4NO3) when wild-type showed inhibition in nodulation (Figure 
3.1.1 F, G; Table 3.1.1). 
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Fig 3.1: Systems biology approach to investigate effect of N status and 
Rhizobium during nodulation. All the plants were either mock or rhizobium 
inoculated on 4d old during N depletion condition. 14dpi all the plants were 
transferred to either 0.1 mM (NH4NO3) or 5 mM (NH4NO3)  containing Fahraeus 
media.   
(A) Root system architecture (RSA) analysis at 16 dpi –Root phenotype 
observed in wild-type A17 and sunn-1 mutant grown in deplete N (0.1 mM), 
inoculated with S.meliloti  or uninoculated (mock) and transferred to deplete 
(0.1 mM) or replete N (5 mM) conditions. Root architecture studies 
demonstrating nodulation in sunn-1 mutant during N repletion as compared to 
A17 wild-type when nodulation is not enabled. Shorter primary root 
development is seen in both A17 and sunn-1 when rhizobium is present as 
compared to its absence. More number of LRs are seen during N repletion in 
absence of rhizobium.  
(B) Overview of the experimental design for microarray experiments after 
transferring A17 and sunn-1 to treatment with N depletion or repletion for 6 
hours.  
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Fig 3.1.1: Root architecture in A17 and sunn-1 plants in a nitrogen/rhizobia inoculation treatment space. (A) Images of A17 
seedlings that were mock or rhizobia-inoculated then grown in N-deplete (0.1 mM NH4NO3) or N-replete (5 mM NH4NO3) 
conditions. (B-E) Root attributes in A17; (B) number of nodules (C) primary root length (mm), (D) number of LRs, (E) average 
LR length (mm);  data are represented as mean +SD; letters denote statistically different values, a-b or b-c P <0.05; a-c  P 
<0.01; scale bar=1cm. (F) Images of sunn-1 seedlings that were mock or rhizobia-inoculated then grown in N-deplete or N-
replete conditions. (G) number of nodules (H) primary root length, (I) number of LRs, (J) average LR length; data are 
represented as mean +SD; letters denote statistically different values, a-b or b-c P <0.05; a-c  P <0.01; scale bar=1cm. See 
table 3.1.1-1 
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Table 3.1.1 RSA analysis for wild-type A17 M. truncatula and sunn-1 mutant. 
Adjusted p-values from pairwise Wilcoxon rank sum test with Holm's method 
for multiple testing; Asterisk * indicates P-value < 0.05.  
Root 
attributes 
Mock deplete 
(0.1 mM) 
Rhizobia deplete 
(0.1 mM) 
Mock replete 
(5 mM) 
PR Length 
Rhiz 0.1 mM 
Mock 5 mM 
Rhiz 5 mM 
LR number 
Rhiz 0.1 mM 
Mock 5 mM 
Rhiz 5 mM 
LR ave 
length 
Rhiz 0.1 mM 
Mock 5 mM 
Rhiz 5 mM 
PR+LR total 
length 
Rhiz 0.1 mM 
Mock 5 mM 
Rhiz 5 mM 
Nodule no. 
Rhiz 0.1 mM 
Mock 5 mM 
Rhiz 5 mM 
A17            sunn-1 
0.0037*      0.14844       
0.0201*      0.25926       
0.0000*      0.05863        
 
1.0000         0.023*      
0.5170         0.757 
0.0960         0.128 
 
1.0000      0.00577*         
1.0000       0.08191 
1.0000      0.01955* 
 
 
0.4006        0.0401*            
0.4006        0.1587            
0.0032        0.3753            
 
 
0.0001                 - 
     -           0.00017* 
     -           0.00569*       
A17            sunn-1 
-                     0 
0.4134      0.01567*       
0.0056       0.83275           
 
  -                        - 
0.4350                 - 
1.0000           0.191             
 
-                       - 
1.0000      0.00219*       
1.0000       0.0145*         
 
    -                      - 
0.4006         0.0144            
0.3386         0.1587       
 
 
     -                      - 
0.0001                 - 
0.0001      0.03088*           
A17              sunn-1 
  -                        - 
-                        - 
0.0162       0.01363*        
 
  -                        - 
  -                    0.04* 
0.1310           0.414            
 
  -                        - 
-                        - 
0.0322*       0.27728      
 
 
  -                     - 
  -                        - 
0.0322*        0.0478* 
 
 
  -                        - 
-             0.00025* 
  -               0.00709* 
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At N depletion, both A17 and sunn-1 plants had similar numbers of 
lateral roots (Figure 3.1.1 D, I).  But on N repletion, sunn-1 mutants had 
significantly more LRs than A17 irrespective of rhizobium presence or absence 
(Figure 3.1.1 I). sunn-1 mutants that were rhizobia-inoculated had shorter LRs 
than uninoculated ones only in deplete N conditions, (Figure 3.1.1 I), possibly 
as a resource balancing response because the plants were investing in 
increased nodulation.Rhizobia-inoculated sunn-1 plants also had shorter LRs 
than rhizobia-inoculated A17 plants, both in N-replete and N-deplete conditions 
(Figure 3.1.1 D, I). 
 
3.1.2 Gene expression profiling identifies gene clusters  
 responsive to rhizobia and N-status 
Phenotypic studies from RSA in both WT and the sunn-1 mutant overall 
demonstrated shorter PR and LR development when rhizobium is present. But 
strong response of shorter PR development was seen in N repletion condition 
than in N depletion in both WT and the sunn-1. High N environment even in 
presence of rhizobium generally inhibits nodulation in WT Medicago plants. 
However, sunn-1 mutants with shorter LRs in such environment (+rhizobia) still 
showed nodule formation. Such N resource and RSA balance suggested a 
complex regulation resulting from combinatorial effects of rhizobia and N. 
Hence, to investigate the transcriptomic changes and regulatory pathway a 
microarray analysis was used to identify underlying gene expression in 
response to rhizobia and N. Previous findings have shown that some of the 
regulatory pathways for LR and AON that governs nodule numbers are shared 
(Kuppusamy et al., 2009; Mathesius, 2003). It is also known that the sunn-1 
mutant exhibits different responses depending on N status due to defective 
AON signal (Jin et al., 2012). Thus, our hypernodulating sunn-1 mutant served 
as an ideal background to compare the gene expression changes with wild type 
A17.  
Microarray analysis was carried out from root samples of A17 and sunn-
1 plants that grew in varying concentration of N (source- NH4NO3) in S. meliloti 
inoculated or un-inoculated conditions (Fig 3.1 B) in the Gifford lab by a 
previous PhD student (Lagunas et al., (2019) Molecular Plant, In Review). All 
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the plants that were mock or rhizobia inoculated (14dpi) were treated with N 
(0.1 mM or 5 mM) for 6 hours before the microarray experiment. Within this 
thesis the data was re-analysed to focus on analysing genes with the up-to-
date Mt4.0 annotation. Differential gene expression analysis identified a set of 
6910 significantly regulated genes. Silhouette statistics in MatLab were used to  
classify and distinguish major gene expression patterns by hierarchical 
clustering. 11 clusters with 3 predominant patterns (clusters 4, 6 and 9) were 
found (Figure 3.1.2 A). These three major clusters represented 91% DEGs from 
a total of 6910 DEGs in M. truncatula 4.0 genome. 
Cluster 4 (1283 DEG) consisted mainly of genes encoding for 
transmembrane proteins, receptor like kinases, cysteine rich peptides, disease 
and defensin related proteins. Gene family of nodule cysteine rich secreted 
peptides, NCRs, 159 in number from this cluster were found to be differentially 
expressed (Figure 3.1.2 B). Cluster 4 (Figure 3.1.2 B) showed prominent 
upregulation in both rhizobium inoculated A17 and sunn-1. However, 
expression was found to be more strongly induced in response to rhizobia in 
sunn-1 than in A17, independent of the N treatment. 
Major genes in this rhizobia-enhanced cluster include important genes 
encoding for TF(s) protein such as nodule inception protein (NIN, 
Medtr5g099060) (Vernie et al., 2015), nodulation signalling pathway (MtNSP2, 
Medtr3g072710) (Kalo et al., 2005), LysM receptor-like kinase (LYK10, 
Medtr5g033490) (Larrainzar et al., 2015), leghaemoglobins (10 genes), 
nodulins (31 genes out of which 2 genes were early nodulins and 25 genes 
were late nodulins), glycine rich proteins (19 genes), calcium binding proteins 
(5 genes), auxin related proteins (8 genes) and GRAS (4 genes). N-metabolism 
related (4 genes) out of which important genes include ammonium transporter 
1 protein (Medtr7g098930), asparagine synthetase (Medtr3g087220) and N-
acetyl-glutamate synthase (Medtr5g015300).  
The fact that the majority of the genes in this cluster are involved in the 
nodulation pathway could indicate rhizobia-induction effect. Stronger induction 
of such nodulation genes in sunn-1 than in wild-type support the effect of the 
molecular alteration underlying the hypernodulation root phenotype with sunn-
1 still able to nodulate at N repletion. Other regulatory genes in cluster 4 include 
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genes such as LRR receptor like kinases (16 genes), MYB (11 genes), and 
MADS box transcription factors (3 genes), zinc finger proteins (19 genes), and 
members of the F-box protein family (17 genes) as well as transport genes 
including peptide transporters (10 genes) and peptide/nitrate transporters (6 
genes), amino acid transporter (6 genes). Other co-expressed genes involved 
in enzymatic pathway include sugar and starch metabolism related genes (26 
genes), C related exchange and transport proteins (22 genes) 
Genes in A17 and sunn-1 exhibited opposite responses in cluster 6 (with 
3137 DEGs) during N repletion and rhizobium inoculation. Cluster 6 consisted 
of annotated genes such as kinase (276 genes), transport (142 genes), disease 
resistance proteins (77 genes), myb transcription factor (23 genes), redox (26 
genes), calcium (28 genes), nitrogen (35 genes) and UDP (37 genes), (Figure 
3.1.2 B). A17 genes showed stronger induction than sunn-1 in response to 6 
hour of N treatment when rhizobium is present. Most of the Nitrogen-related 
genes were mainly found in this cluster, including nitrate transporters (4 genes), 
peptide/nitrate transporters (8 genes), nitrogen fixation proteins (2 genes), and 
also ammonium transporters (2 genes out of 12 ammonium transporters in the 
whole genome). Nitrate inducible GATA transcription factor (8 genes) were also 
found in this cluster (Zhang et al., 2015). All the P-values for gene enrichment 
(which have been represented as wordclouds in Figure 3.1.2B) in each of the 
clusters are listed in Appendices Table 1.
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Figure 3.1.2: Heatmap showing hierarchical clustering howed divi i n of 11 clusters wi h red/orange triangles representing the 
gene members in the cluster. Colour bar indicates log2 ge  expres i n level ra ging fr m 4-16. Gene expression pattern showed 
A17 and sunn-1 microarray with three major clusters 4, 6 a  9. (A) Heatmap showing hierarchical clustering of the 6910 DEGs 
with their corresponding cluster numbers and genes. (B) Wordclouds depicting the most significant terms for the three largest 
clusters that represent 91.4% of the total DEGs. Gene enrich  w re: cluster 4- rel t d t  rhizobium responses Nodule cysteine 
rich peptides; cluster 6- related to N responses, kinase, t a sport, r dox, calcium, nitroge  and UDP. See Appendix table 1 (C) 
Principal component analysis revealed distinct separation of mock and rhizob  respons  in A17 and sunn-1 genotype. 
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Within cluster 6, an ortholog (Medtr7g092930) of the squamosa 
promoter-binding-like protein SPL9, involved in LR development of A. thaliana 
(Yu et al., 2015) was found to be co-expressed. This cluster also contains 10 
Lateral Organ Boundaries (LOB-domain) genes, that typically have essential 
roles in integrating development in response to environmental changes (Xu et 
al., 2016). Wall associated kinase (11 genes) and expansin protein (10 genes) 
that mediate nodule cell walls (Giordano and Hirsch, 2004) were found. Out of 
three clusters, cluster 6 had higher number of auxin induced/responsive genes 
(37 genes) than in cluster 4 (6 genes) and 9 (20 genes). Aside from abundance 
of N-related genes found, cluster 6 also consisted of genes related with 
ethylene formation and response (16 genes), abscisic acid (5 genes), Myb- 
transcription factor (23 genes), WRKY family transcription factor (20 genes). 
Genes in cluster 9 (1896 DEG), displayed distinctive stronger expression 
in sunn-1 than in A17 independent of the N-treatment (Figure 3.1.2). A Low 
level of gene expression was found in A17 during N repletion, whether rhizobia 
was present or absent. This cluster consisted regulatory genes namely, kinase 
(95 genes), transmembrane (86 genes) and transcription (91 genes). 
Upregulation of the 35 LRR-kinases and 11 LysMs in this cluster could be 
related to the altered perception of rhizobia in the sunn-1 mutant. 
 
3.1.3 Fold change analysis highlighted a different magnitude of 
gene expression responses in A17 and sunn-1 
To identify the strongest gene responses affected by varying levels of N 
and rhizobium inoculation, the fold change of the DEGs were analysed after 
applying a cut-off +1.5 and -1.5 and p-value 0.05. All the DEGs were assigned 
to 12 groups of samples that represents of (i) deplete and replete N (ii) 
rhizobium presence or  absence samples in A17 and sunn-1 (Table 3.1.3). 
Patterns of comparisons between treatments were generated separately for the 
defined groups to identify the strongest responsive genes as (i) Rhizobium 
effect, (ii) N effect and (iii) genotype effect. All the treatment sample groups and 
abbreviations used for classifying the groups (Table 3.1.3) for FC comparison 
are given in (Table 3.1.3). 
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For rhizobium effect (Table 3.1.3) in A17 deplete N (i.e. N deprived samples 
treated with 0.1 mM N) FC was analysed between mock treated AMLL and 
ARLL in A17, and SMLL and SRLL in mock treated sunn-1. Similarly, rhizobium 
effect at replete N (N deprived samples treated with 5 mM N) was calculated 
with FC between AMLH and ARLH in A17, and SMLH and SRLH in sunn-1.  
For the N effect (Table 3.1.3) in absence or presence of rhizobia, FC 
comparison between mock treated plants of A17 at deplete and replete N was 
calculated (AMLL and AMLH), rhizobia-treated plants A17 as (ARLL and 
ARLH). Similarly, in sunn-1 mutant FC comparison for N effect was calculated 
as (mock, Rhizobium absence- SMLL and SRLH) and (SRLL vs SRLH). 
For the genotype effect (Table 3.1.3) FC patterns were calculated between 
AMLL and SMLL (sunn-1 mutant effect in depleted N, -Rhiz), ARLL and SRLL 
(sunn-1 mutant effect in depleted N, +Rhiz), AMLH and SMLH (sunn-1 mutant 
effect in replete N, -Rhiz), between ARLH and SRLH (sunn-1 mutant effect in 
replete N, +Rhiz) (data not shown). 
Overall, rhizobium had stronger effect than N effect for both the genotype 
with  greater number of differentially expressed genes of FC >1.5 or FC<-1.5 
(Figure 3.1.3 A). Out of a total of 1099 strong-responding DEGs in A17, 96% 
(1066) were in rhizobia-inoculated plants. 502 genes in A17 showed differential 
expression when rhizobium was inoculated in an N deplete background (487 
upregulated, 15 downregulated) and 558 genes in A17 were differentially 
expressed in an N replete background (552 genes upregulated, 6 genes 
downregulated) (Figure 3.1.3 B). The hypernodulant sunn-1 mutant also 
showed a similar response with a prominent rhizobium effect during N depletion 
and repletion (Figure 3.1.3 A, B). Around 95% of DEGs (2280 genes out of 2396 
DEGs) displayed a strong effect of rhizobium. However, the combinatorial effect 
of N and rhizobium in both the genotype was always stronger during N repletion 
than in N depletion (Figure 3.1.3 B). 
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Table 3.1.3: Group of samples that were compared together to calculate fold 
changes (Also in figure 3.1.3-B representing groups from 1-8). FC of the 
expression values of the differentially expressed genes between different 
samples (as indicated in the table) was calculated to identify genes responding 
to the effects listed in the table. 
Response FC Calculated between samples 
A17 sunn-1 
Replete N effect in -rhizobia 
 
Group 1 
AMLL vs AMLH 
Group 2 
SMLL vs SMLH 
Replete N effect in +rhizobia 
 
Group 3 
ARLL vs ARLH 
Group 4 
SRLL vs SRLH 
Effect of rhizobia at deplete N 
 
Group 5 
AMLL vs ARLL 
Group 6 
SMLL vs SRLL 
Effect of rhizobia at replete N 
 
Group 7 
AMLH vs ARLH 
Group 8 
SMLH vs SRLH 
SUNN effect at deplete N and -
rhizobia 
 
Group 9 
AMLL vs SMLL 
SUNN effect at deplete N and 
+rhizobia 
 
Group 10 
ARLL vs SRLL 
SUNN effect at replete N and -
rhizobia 
 
Group 11 
AMLH vs SMLH 
SUNN effect at replete N and 
+rhizobia 
 
Group 12 
ARLH vs SRLH 
 
When the N effect is considered, A17 and sunn-1 showed a higher 
number of downregulated genes during N repletion than in N depletion in the 
absence of rhizobium (23 downregulated genes in A17, 91 downregulated 
genes in sunn-1) (Figure 3.1.3 B). N repletion in the absence of rhizobium had 
the highest effect in sunn-1 with differential expression of 97 genes (91 
downregulated, 6 upregulated) (Figure 3.1.3 B).  
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Fig 3.1.3: (A) Four set Venn diagram showing unique and shared genes that are 
strongly responsive to N and rhizobia in A17 and sunn-1. Sample groups 
represent highly regulated genes with FC >1.5 and FC <-1.5 (p-value < 0.05) in 
A17 and sunn-1 for- replete N responsive genes in the absence of rhizobium; 
replete N responsive genes in the presence of rhizobium; rhizobia responsive 
genes in deplete N; rhizobia responsive genes in replete N. Also see table 3.1.3-
1 . (B) Total number of DEGs that show significant upregulation or downregulation 
in A17 or sunn-1. The strongest responsive genes in each of the groups were 
selected based on FC >1.5 and FC <-1.5 to identify rhizobia effects, N effects and 
genotype effects in A17 and sunn-1 from the sample group presented in table 
3.1.3-1. FCs were calculated as (1) AMLH-AMLL; Group 1 (Replete N effect, -
rhizobia in A17) (2) SMLH-SMLL; Group 2 (Replete N effect, -rhizobia in sunn) (3) 
ARLL-ARLH; Group 3 (Replete N effect, +rhizobia in A17) (4) SRLL-SRLH; Group 
4 (Replete N effect, +rhizobia in sunn) (5) ARLL-AMLL; Group 5 (Rhizobia effect, 
deplete N in A17) (6) SRLL-SMLL; Group 6 (Rhizobia effect, deplete N in sunn) 
(7) ARLH-AMLH; Group 7 (Rhizobia effect, replete N in A17); (8) SRLH-SMLH; 
Group 8(Rhizobia effect, replete N in sunn). Genotype effect data for groups 9-12 
not shown. 
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3.2 Discussion 
This chapter mainly aimed to investigate the effect of nitrogen and 
rhizobium inoculation on root development and nodulation. For this work we 
used the autoregulation of nodulation mutant sunn-1 because autoregulation 
mutants are disrupted in long-distance signalling AON and show nodulation 
independent phenotypes- increased LR density and hyper-nodulation 
(Wopereis et al., 2000). The hyper-nodulation mutant sunn-1 was confirmed to 
still able to form nodules at a concentration of 5 mM NH4NO3 (N repletion), 
conditions where wild-type A17 nodulation was inhibited. In this work using root 
architecture studies in A17 and sunn-1 during nodulation it was found that the 
two genotypes show different N-status-dependent phenotypic responses when 
seedlings were inoculated with rhizobium. 
In general, primary root length was significantly shorter when rhizobia 
was present for both A17 and sunn-1 and is independent of N availability. A 
study in Arabidopsis reported N-insensitive primary root elongation (Zhang et 
al., 1999). The reduction in the elongation of PR length as an effect of rhizobia 
is similar to a recent findings whereby rhizobium sp. IRBG74 was able to not 
only colonise Arabidopsis roots but also led to significant reduction in primary 
root growth (Zhao et al., 2017). Although the PR was shorter in both N 
conditions, the PR was even shorter in rhizobia-and-replete N conditions, 
highlighted a complex regulation and balance between nodule formation and 
RSA with an additive effect of N and rhizobium inoculation. 
There was no significant difference in the lateral root (LR) number 
observed in our study in N-deplete conditions without rhizobia in A17 and sunn-
1. This is consistent with findings from (Schnabel et al., 2005). However, sunn-
1 exhibited different characteristics in this work, with significantly higher LR 
numbers than A17 in N-replete conditions when either were mock- or rhizobia- 
inoculated. As well as there being more lateral roots, LR length was shorter in 
sunn-1 in N-deplete rhizobium-inoculated conditions, showing evidence for the 
interaction of LR and nodule development. Underlying this effect is likely to be 
altered allocation of the photosynthates or C resources that inhibit LR outgrowth 
with increased nodule formation in sunn-1.  
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Root responses to N limited conditions are typically mediated by 
changes in PR, LR and root hair development; in total, root system architecture. 
To enable this, energy/carbon photosynthate is required to reduce the available 
N, assimilate nitrate and to transport nitrogenous compounds. Increased 
nodule formation in the sunn-1 mutant does not translate into more N- fixation, 
as compared to WT (Mortier et al., 2012b), suggesting that the nodules are not 
very efficient. As N-fixation is a high energy costing process, C photosynthate 
supply for inefficient nodules that do not fix N can be cut-off (Oono et al., 2011). 
This could be one of the reasons underlying the RSA response in the sunn-1 
mutant - shorter LR in the presence of rhizobium possibly could be a resource 
balancing mechanism to counteract hypernodulation.  
N uptake in Medicago truncatula had been reported in the form of three 
main pathways NH4, NO3 and NO2 (Ruffel et al., 2008). However, the common 
regulation of such nutrient uptake is repressed by local and systemic signalling 
that depends on downstream N metabolite accumulation. Based on evidence 
of differential N acquisition pathway response, the transcriptomic investigation 
here could suggest that systemic signalling acts upon gene regulatory networks 
in response to external N supply from the environment (Jeudy et al., 2010).  
In addition to the phenotypic response presented above, microarray 
expression profiling was used to understand the effect of rhizobium and N in M. 
truncatula. Among rhizobia responsive DEGs, there was a strong upregulation 
in response to the combinatorial effect of N repletion and rhizobia (552 genes 
out of 558) in A17 (826 genes out of 1145) in sunn-1. 
Hierarchical clustering from the transcriptomic analysis suggested the 
presence of three major distinctive clusters (4, 6 and 9). Cluster 4 represented 
genes involved mainly in the nodulation pathway that responded to rhizobia 
effect. Cluster 6 comprised of N-related genes that had an N effect, while cluster 
9 represented a genotype effect related to sunn-1. Out of these three clusters, 
cluster 4 and 6 were of particular interest as this thesis aimed to study the 
combinatorial effect and regulation of N and rhizobium in Medicago. 
As highlighted previously (section 3.1.2), a greater number of genes was 
found to be induced in A17 than in sunn-1 in cluster 6 during N-repletion. This 
cluster was found to be comprised mainly of N-related genes. RNAseq 
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transcriptome analysis of the nitrate impact on root nodules in A17 during 4-
28hr of NO3 exposure found expression of two genes (Medtr7g069640, 
Medtr8g095040) belonging to ammonium transporter family proteins (Cabeza 
et al., 2014). We also find these two genes to be expressed at 6 hour N-
repletion in the presence of rhizobium in A17. However, significant 
downregulation with FC (FC<-1.5) of these genes was seen in sunn-1 from our 
expression data.  
The expression pattern of the Medtr3g035860 gene, encoding for 
glutamine synthetase (GS), the first enzyme in N assimilatory pathway (Seabra 
et al., 2013) in this cluster is crucial to note. Whilst there was high expression 
of GS gene Medtr3g035860 in wild-type A17 in all conditions, there was a 
significant downregulation of this gene expression in sunn-1 (FC<-1.5) in N-
depletion in the presence of rhizobium. These findings suggested that nitrogen 
assimilation could be more efficient in A17 than in sunn-1 in the presence of 
rhizobia, potentially leading to inhibition of nodulation in A17 in N-replete 
conditions. Significant downregulation of the GS gene in sunn-1 also supports 
insensitivity of the hypernodulating mutant to external N status (5 mM) that is 
typically high enough to repress nodulation. 
The abundance of phytohormonal transcripts, especially auxin (37 
genes) and ethylene responsive (16) genes in cluster 6 also implicate auxin 
and ethylene as key players to regulate RSA in the control of nodulation. Auxin 
acts as mediator in the AON pathway within the mechanism involving a shoot-
derived long distance signal to regulate nodule and LR development (Jin et al., 
2012). Expression of auxin related genes in cluster 6 (upregulated in A17 but 
not in sunn-1) is consistent with the phenotypic differences in A17 and sunn-1 
in N replete rhizobia-inoculated conditions (shorter PR phenotype in A17 when 
compared to sunn-1 (Figure 3.1.1). Longer LRs in A17 when rhizobia-
inoculated could be explained by the induction of LOB-domain genes in this 
condition (Figure 4C). These genes could be key in the regulation of LR length, 
integrating the internal and external N signals to result in an appropriate or 
optimal developmental response. 
Out of 37 auxin related genes, 13 genes were found to be significantly 
downregulated with FC <-1.5 in the sunn-1 mutant on N depletion and in the 
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presence of rhizobium. N repletion in the presence of rhizobium also led to  
downregulation of 3 auxin related genes (Medtr4g129510, Medtr7g079720, 
Medtr4g010340, FC<-1.5). LR development mediated by auxins generally 
involve interference from ethylene by altering auxin transport and we found 
evidence of this in our data (Ivanchenko et al., 2008; Lewis et al., 2011). Studies 
from (Stepanova et al., 2007; Swarup et al., 2007) indicate that ethylene and 
its precursor could inhibit root elongation synergistically. Significant 
downregulation of such ethylene associated genes (Medtr2g015040, 
Medtr1g101550, Medtr2g025120) was found in cluster 6 (FC < -1.5) in 
response to N-depletion and rhizobium in the sunn-1 mutant. Such cross-talk 
of ethylene and auxin effects could be a possible explanation for the reduced 
primary root growth seen in sunn-1 in presence of rhizobia. Downregulation of 
expansin and extension family genes in sunn-1 in the presence of rhizobium 
could also be likely associated with PR growth inhibition in this condition. This 
is in line with a study in soybean where rapid PR elongation during root 
development was found to be correlated with maximum level of an expansin 
gene, GmEXP1 (Lee et al., 2003). 
Of the major three clusters, cluster 4 exhibited a prominent rhizobia 
response with many genes involving in the nodulation pathway (as described 
in section 3.1.2). Aside from nodulins and leghaemoglobins expressed in this 
cluster, cluster 4 is of particular interest as it includes many members of the 
massive family of nodule-specific genes encoding cysteine rich peptides. Out 
of 185 nodule-specific cysteine rich (NCRs) peptides genes expressed on our 
microarray data, 165 NCR genes were found to be differentially expressed 
(DE). Legumes in the inverted repeat lacking clade (IRLC) of legumes 
(including Medicago truncatula) contain more than 500 members of NCR multi-
gene family. Of the DE NCR genes, 159 were in cluster 4. Only three NCRs 
(Medtr1g042850.1, Medtr3g062880.1, Medtr5g057460.1) belonged to 9; 
cluster 7 had two NCRs (Medtr3g084820.1, Medtr6g006240.1) and there was 
only NCR in cluster 6 (Medtr5g057910.1). 
 Cluster 4 thus showed a unique feature whereby the 159 NCR genes 
and other primary genes involved in nodulation pathway including as nodulins, 
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leghaeomglobins and lys-motif were significantly upregulated (FC>1.5, p<0.05) 
in A17 and sunn-1 in response to rhizobium and independent of N status.  
Most previous transcriptomic and proteomic studies aimed at 
understanding the function of NCRs have been confined to investigating their 
antimicrobial activity controlling terminal differentiation of the invading bacteria. 
However, given the extensive sequence diversity of the NCR family over 
different expression stages, the answer to why IRLC legumes including 
M.truncatula employ a large gene family for this function remains incomplete. 
One hypothetical model suggested that NCRs keep the over-proliferation of the 
bacteroids in check to enable more efficient legume-rhizobium symbiosis (Pan 
and Wang, 2017). The functional investigation on three NCRs of focus, NCR 
247, NCR 169 and NCR 211, out of 600 NCR genes represents only a minute 
portion of this large size gene family (Farkas et al., 2014; Horvath et al., 2015; 
Kim et al., 2015). Due to their occurrence in large numbers from genome 
amplification, it is possible that these NCR genes have evolved gain of novel 
functions beyond just bacterial regulation and our findings that they are 
rhizobium-regulated in A17 and sunn, invariant of N status is intriguing and 
worthy of further study. 
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Chapter 4: Promoter analysis reveals novel motifs in 
the NCR gene family and putative regulatory 
transcription factors 
 
4.1 Introduction 
 
Genome wide expression profiling with microarray was used to study the 
pattern of gene expression changes in A17 and sunn-1. Using a fold change 
cut-off 11 clusters of DEGs were identified in 11 groups, enabling delineation 
of the strongly regulated genes under N or rhizobium or genotype effects 
(previously listed on table 3.1.3, also see Figure 3.1.3 A, B). These genes were 
hypothesised to be part of the regulatory control mechanism that governs gene 
expression during nodulation. This regulation could be at the level of 
combinatorial effects of N and rhizobium that involves complex cross-talk 
between external N-status availability and rhizobium recognition and 
interaction. 
Gene expression regulatory mechanisms are complex, involving 
frequent DNA-protein interactions that control the level of mRNA expression. 
One of the most important initial steps in gene expression, transcription, is a 
fundamental process under regulation by many key components involving 
interactions between the gene promoter, cis-acting regulatory binding sites, 
transcription factor(s) and other distal elements including enhancers or 
silencers. 
To gain a better understanding of transcriptional regulation that controls 
activation or suppression of the genes regulated by  rhizobium and nitrogen in 
our experimental conditions, we sought to study the promoter region of the 
DEGs in the 12 regulatory groups (listed on table 3.1.3-1, also see Figure 3.1.3 
A, B) identified from our microarray analyses. With TF being highly specific in 
binding to its cis-acting DNA motif, identification of motifs on the upstream 
region of the differentially expressed and co-regulatory group of genes 
becomes informative in identifying upstream transcriptional regulators.  
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4.1.1  Novel motifs are present on the upstream region 
(promoter) of NCR genes 
 
MEME suite version 5.0.1 (Bailey et al., 2015) was used to investigate 
the upstream regions of the DEGs that were regulated by rhizobium and 
nitrogen responses in A17 and sunn-1.  The run was performed on the 12 
groups of DEGs and significant motifs were selected based on a criteria that 
motifs were found in >20% of promoters with information content as bits size 
(range from 0-2) indicating conservation of motifs (Figure 4.1.1), positional bias 
(p-value) and an E-value < 0.001, indicating motif was unlikely due to random 
artifact or chance. A previous motif search (Roxanna Bonyadi, Thesis) was 
performed on the Mt3.5 genome in 200 bp, 500 bp and 1000 bp upstream 
regions of the genome using MEME-LaB tools (Brown et al., 2013). It showed 
that motifs were clustered within the 500 bp region. Hence, the motif analyses 
in this thesis were focused on the upstream 500 bp, and using the Mt4.0 
genome as reported by (Nallu et al., 2013). 
Based on the above criteria, MEME-suite analyses on the upstream 
region of differentially expressed promoter genes identified six significant novel 
motifs, (TCATGAAAGGTT, TATAAAGTGATCA, CAACACATTGAT, 
AGAGACATTTAA, TTTTACAACTCC (Figure 4.1.1). The promoters where 
these motifs were found included of 66-81% NCR genes for all but the motif 
AAGGGACAAACA (found in 46% of NCRs) (Figure 4.1.1 and table 4.1.1). 
These motifs were identified in the group of differentially expressed genes that 
were rhizobia-regulated at low N in A17 (group 5: motifs 1, 2 and 3) and sunn-
1 (group 6: motifs 1, 2 and 3); and rhizobia-regulated at high N in A17 (group 
7: motifs 1, 2, 3, 4, 5 and 6) and sunn-1 (group 8: motif 1) as given in (Figure 
4.1.1 and table 4.1.1). For the group division see chapter 3, section 3.1.3, table 
3.1.3. 
Aside from NCRs and proteins with unknown function, other gene 
promoters with these motifs were mainly late nodulins, peptide/nitrate 
transporter proteins, leghemoglobins, nodule inception protein and ENOD18. 
Hence, the motifs were found to be present in promoters of around 90% of the 
genes that are involved in the nodulation pathway. Significant motifs with E-
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values (Table 4.1.1-1) and their logos as discovered (Figure 4.1.1) within the 
groups of co-expressed genes are given. The presence of motifs from the de 
novo motif discovery in the promoter upstream region suggests putative cis-
regulatory sites in the NCR promoters for TF binding and thus regulation. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.1.1 De novo motif discovery in promoters of N/rhizobium-regulated genes. 
Logos of the significant motifs discovered in the DEGs and co-expressed genes 
of the sample group from MEME suite analysis. Bits in motif logos correspond 
to the conserved frequencies of the nucleotides A/T/G/C. Three motifs were 
found to be overrepresented in the sample group 5, 6 and 7 with rhizobia effect 
at both deplete and replete N condition. Motifs have been assigned number as 
1-3. Table 4.1.1 
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Motif 4 
Motif 5 
Motif 6 
Motifs found in rhizobia effect for 
A17 & sunn-1 at high N 
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Table 4.1.1 Percentage of differentially expressed  NCRs that contain six 
motifs. Motif sequence and E-values (number of estimate that motif occurs by 
chance) have been shown along with the % of NCR promoters that contain the 
motifs. NCRs with motif 1, 2 and 3 were found to be expressed under rhizobia 
effect in A17 and sunn-1, deplete or replete N. NCRs with motif 4, 5 and 6 were 
found to be expressed in rhizobia effect in A17 and sunn-1 at replete N 
condition. 
Motifs NCR 
promoters out 
of all the 
promoters 
% of 
NCRs 
Conditions 
Motif 1 
AAGGGGACAAACA 
E= 1.6e-129 
 
Motif 2 
AGAGACATTTAA 
E= 6.8e-080 
Motif 3 
TCATGAAAGGTT 
E= 1.5e-050 
111/240 
 
 
 
60/77 
 
 
 
159/214 
46 
 
 
 
79 
 
 
 
74 
 
 
 
 
Rhiozobia effect 
(A17 and sunn-1), 
deplete/replete N 
condition 
 
 
Motif 4 
TAAAGGGATAAA 
E=8.0e-076 
 
Motif 5 
CAACACATTGAT 
E=1.4e-020 
 
Motif 6 
TTTTACAACTCC 
E=1.4e-054 
 
57/70 
 
 
 
45/62 
 
 
 
42/64 
 
81 
 
 
 
73 
 
 
 
66 
 
 
 
Rhiozobia effect 
(A17 and sunn-1), 
replete N condition 
 
 
4.1.2 Motif enrichment testing   
 
As identification of motif discovery is affected by the choice of gene 
sequences or nucleotide composition in background set, we sought to test the 
presence of motifs in the promoters in the remainder of the genome. To 
determine the abundance of these motif consensus predictions, position weight 
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matrix scanning for individual motif occurrences were performed using FIMO 
(Find Individual motif occurrences) (Grant et al., 2011). This method allowed us 
to establish the level of motif enrichment by searching the enumerated motifs 
generated from MEME against the set of promoter genes drawn from non-NCR 
genes in transcriptomic data and non-expressed genes in Medicago genome.  
Using every occurring k-mer (12 in our case) as our motif length, FIMO 
was used to determine the matched position of each motif based on log-
likelihood scores. We hypothesised that NCR gene promoters were enriched 
with the novel motifs identified that could serve as putative binding sites for 
TF(s) as many of the co-regulated genes with motifs were found to be NCRs. 
The gene expression threshold (log2 hybridisation signal) for each of the 
treatment conditions in A17 and sunn-1 microarray transcriptomic data was 
determined to be in the range of 6-8 (data not shown). All the Mt4.0 gene 
transcript that matched probe ID with log2 hybridisation signal greater than their 
corresponding threshold values were considered expressed. Hence, all the 
Mt4.0 185 NCR genes found on microarray data were considered for the motif 
enrichment scan.  
To determine if the motif enrichment scores in expressed NCR promoter 
regions were similar in other genes of the Medicago genome, we performed 
FIMO on three datasets of randomised genes, compared to the 185 regulated 
NCR genes. The background datasets were; (i) NCRs absent on microarray (ii) 
expressed non-NCRs (iii) non-expressed and non-NCRs. All the six motifs were 
found to be enriched in the expressed NCR promoters compared to all 
background datasets (Figure 4.1.2). Motif occurrence sites in the negative 
backgrounds (expressed non-NCRs and non-expressed non-NCRs) were low 
(p < 1E-4). The mean motif occurrences score for the enrichment can be 
summarised as; expressed NCRs > NCRs absent on microarray > expressed 
non-NCRs > non-DE and non-NCRs. This was the case for all six motifs, 
suggesting that the motifs are more prevalent in NCR genes. 
FIMO scan comparison with the background of NCRs absent on 
microarray (Figure 4.1.2), motif 1, 3, 4 and 6 were found to be highly enriched 
in the expressed 185 NCRs. We also found that motif 2 and 5 were present in 
non-expressed NCR genes (Figure 4.1.2). However, the highest enrichment 
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with exact match was found to be in the expressed NCR genes at the threshold 
p-value < 1E-4. The negative background sets of expressed non- NCRs/non-
expressed and non-NCR genes were found to contain a few motif sites, but 
these were not enriched in comparison to NCR promoter gene background (Fig 
4.1.2).  
The six motifs found to be present in the NCR promoter genes are given 
on Table 4.1.2-1. Promoters of 146-149 NCR genes  contained motif 1 and 4 
closely followed by 133 NCR promoters containing motif 2. Motif 5 and 6 were 
found in 94-95 number of NCR genes Table 4.1.2-1. The individual motif 
occurrence present in all the 185 expressed NCR genes are given in Table 
4.1.2-2. Out of all the 185 expressed NCRs, 40 NCRs were found to contain all 
the six motifs (Table 4.1.3-1). 
 
Table 4.1.2-1: Frequency of motif occurrence found in all the promoters of 185 
expressed NCRs 
Motifs No 
motifs 
present 
Motif 
occurrence 
=1 
Motif 
occurrence 
=2 
Motif 
occurrence 
= 3 or more 
Total no. of 
promoters 
with the 
motifs 
Motif 1 
Motif 2 
Motif 3 
Motif 4 
Motif 5 
Motif 6 
39 
52 
67 
36 
90 
91 
57 
92 
70 
63 
70 
80 
55 
31 
37 
46 
23 
10 
34 
10 
11 
40 
2 
4 
146/185 
133/185 
118/185 
149/185 
95/185 
94/185 
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Figure 4.1.2: Motif enrichment scan in four backgrounds of Mt 4.0 genome to ask if 
motifs are a feature of regulated NCR gene promoters. Four backgrounds are 
expressed NCRs, NCRs absent on microarray, expressed non-NCRs, non-
expressed and non-NCRs. The promoters within each group (except those in the ’ 
expressed NCRs’ list were randomly selected from the genes with those features in 
the remainder of the Mt4.0 genome. Each group was chosen to be a total of 185 to 
be equal to the number of NCR genes expressed on the array. Error bars represent 
standard deviations for three randomised runs (n=3) 
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Table 4.1.2-2: Individual motif occurrences in all the 185 expressed NCR genes 
from the microarray transcriptomic data. Number represents the frequency of 
the motifs occurring in the NCR upstream promoter region [-1,-500]. Different 
shades of colour and with bars corresponds to its frequency. All the Medicago 
gene IDs were arranged in the order of motif 2 occurrence from frequency 
largest to smallest. 
(A) 
 
 
 
 
 
 
Expressed NCRs Motif 1 Motif 2 Motif 3 Motif 4 Motif 5 Motif 6
Medtr3g021040.1 2 4 1 2 2 2
Medtr3g069830.1 2 4 0 2 1 1
Medtr7g016440.1 2 4 1 4 1 0
Medtr1g042200.1 1 3 0 0 1 0
Medtr1g058880.1 0 3 0 2 1 0
Medtr2g104570.1 1 3 0 0 1 0
Medtr3g015940.1 2 3 3 2 1 0
Medtr3g033100.1 2 3 0 2 2 1
Medtr5g063580.1 3 3 2 2 1 0
Medtr5g066750.1 0 3 1 1 0 1
Medtr1g042910.1 1 2 3 0 0 0
Medtr1g046020.1 2 2 0 1 2 3
Medtr1g074860.1 3 2 0 3 1 1
Medtr3g010630.1 3 2 1 3 2 0
Medtr3g014720.1 3 2 1 2 1 0
Medtr3g015870.1 3 2 2 3 1 0
Medtr3g020930.1 2 2 1 1 0 1
Medtr3g020980.1 1 2 2 2 1 1
Medtr3g021050.1 1 2 0 1 1 1
Medtr3g033260.1 3 2 0 1 2 1
Medtr3g033930.1 2 2 0 2 0 1
Medtr3g069870.1 2 2 0 2 1 1
Medtr3g071360.1 2 2 0 1 0 0
Medtr4g027000.1 2 2 0 1 1 0
Medtr4g031380.1 0 2 1 1 1 1
Medtr4g031430.1 1 2 0 2 1 1
Medtr4g031520.1 0 2 2 3 1 2
Medtr4g060730.1 4 2 0 3 1 1
Medtr5g048310.1 2 2 1 0 1 1
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(B) Table 4.1.2-2 (continued) 
 
 
 
 
 
 
Expressed NCRs Motif 1 Motif 2 Motif 3 Motif 4 Motif 5 Motif 6
Medtr5g056710.1 2 2 1 1 0 0
Medtr5g057460.1 1 2 0 3 0 0
Medtr5g059740.1 3 2 0 4 1 0
Medtr5g061160.1 1 2 1 1 0 1
Medtr5g061400.1 0 2 2 3 0 1
Medtr5g063600.1 3 2 0 2 1 0
Medtr5g069100.1 2 2 0 2 1 1
Medtr5g070410.1 2 2 1 3 0 2
Medtr5g072070.1 3 2 1 2 0 1
Medtr7g045910.1 2 2 0 2 1 1
Medtr7g071220.1 1 2 1 1 2 0
Medtr7g071310.1 4 2 1 2 0 0
Medtr1g042850.1 1 1 0 1 0 1
Medtr1g042940.1 0 1 0 0 1 0
Medtr1g044500.1 4 1 0 1 2 1
Medtr1g075500.1 1 1 0 2 0 0
Medtr1g092720.1 2 1 0 0 0 1
Medtr2g045290.1 2 1 1 3 0 1
Medtr2g050060.1 1 1 0 2 1 1
Medtr2g060960.1 0 1 0 0 1 0
Medtr2g063470.1 2 1 2 0 2 2
Medtr2g083280.1 4 1 2 2 4 0
Medtr3g016020.1 3 1 0 4 0 0
Medtr3g016090.1 2 1 2 3 2 0
Medtr3g016130.1 2 1 1 4 1 0
Medtr3g020920.1 1 1 1 1 1 1
Medtr3g020950.1 3 1 1 2 2 1
Medtr3g028380.1 2 1 2 2 2 1
Medtr3g028440.1 1 1 1 1 3 1
Medtr3g030060.1 1 1 1 1 2 0
Medtr3g031340.1 1 1 2 0 1 1
Medtr3g034220.1 1 1 1 0 0 0
Medtr3g061750.1 2 1 1 1 1 1
Medtr3g062810.1 1 1 0 1 0 1
Medtr3g062820.1 2 1 1 1 0 1
Medtr3g062830.1 3 1 0 3 1 0
Medtr4g014790.1 1 1 0 4 0 0
Medtr4g026680.1 3 1 0 3 1 1
Medtr4g026750.1 2 1 2 2 0 0
Medtr4g031900.1 1 1 1 1 1 0
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(C) Table 4.1.2-2 (continued) 
 
 
 
 
 
Expressed NCRs Motif 1 Motif 2 Motif 3 Motif 4 Motif 5 Motif 6
Medtr4g031900.1 1 1 1 1 1 0
Medtr4g033830.2 2 1 2 2 0 0
Medtr4g053180.1 0 1 1 1 1 3
Medtr4g057120.1 0 1 1 0 1 1
Medtr4g057160.1 1 1 0 2 1 1
Medtr4g060590.1 1 1 1 2 0 2
Medtr4g060610.1 1 1 1 2 0 1
Medtr4g060650.1 0 1 3 1 0 0
Medtr4g060660.1 2 1 1 3 0 0
Medtr4g060720.1 0 1 2 2 1 1
Medtr4g070690.1 0 1 1 0 1 1
Medtr4g071890.1 1 1 3 0 0 0
Medtr5g026070.1 1 1 0 1 0 1
Medtr5g026080.1 3 1 2 2 1 1
Medtr5g037780.1 2 1 3 1 1 1
Medtr5g040380.1 0 1 1 0 0 0
Medtr5g047670.1 2 1 0 3 0 0
Medtr5g056360.1 2 1 0 1 1 0
Medtr5g056760.1 1 1 2 1 0 1
Medtr5g056890.1 1 1 0 1 0 1
Medtr5g057910.1 3 1 0 4 0 0
Medtr5g059670.1 3 1 0 2 2 0
Medtr5g061060.1 2 1 0 2 1 0
Medtr5g061120.1 3 1 1 3 1 1
Medtr5g061800.1 1 1 1 1 0 1
Medtr5g062630.1 2 1 0 1 0 1
Medtr5g063460.1 2 1 0 3 1 0
Medtr5g063490.1 1 1 0 3 0 1
Medtr5g063520.1 0 1 0 0 1 1
Medtr5g063780.1 2 1 2 2 1 1
Medtr5g063890.1 2 1 1 1 0 0
Medtr5g064860.1 2 1 1 3 0 2
Medtr5g068810.1 1 1 2 3 0 2
Medtr5g069500.1 1 1 2 3 2 1
Medtr5g071880.1 0 1 0 2 0 0
Medtr5g072310.1 1 1 1 1 1 2
Medtr5g072420.1 2 1 1 3 0 0
Medtr5g072450.1 2 1 0 1 1 0
Medtr5g095620.1 0 1 1 0 0 0
Medtr6g006240.1 2 1 2 0 0 0
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(D) Table 4.1.2-2 (continued) 
 
 
 
 
Expressed NCRs Motif 1 Motif 2 Motif 3 Motif 4 Motif 5 Motif 6
Medtr6g006240.1 2 1 2 0 0 0
Medtr6g006250.1 3 1 2 0 0 1
Medtr6g006350.1 1 1 0 2 1 1
Medtr6g044730.1 1 1 2 2 0 0
Medtr6g055700.1 2 1 2 1 1 0
Medtr6g057520.1 0 1 1 3 1 1
Medtr6g060320.1 0 1 1 0 1 0
Medtr7g008940.1 6 1 1 2 0 0
Medtr7g008970.1 1 1 1 3 1 0
Medtr7g010200.1 1 1 1 1 0 1
Medtr7g027180.1 4 1 2 1 0 0
Medtr7g028550.1 1 1 1 2 1 1
Medtr7g029760.1 2 1 1 1 1 0
Medtr7g032720.1 2 1 1 0 0 0
Medtr7g032820.1 1 1 4 2 0 0
Medtr7g037690.1 1 1 2 2 2 1
Medtr7g045410.1 4 1 1 3 0 0
Medtr7g045520.1 0 1 2 1 1 1
Medtr7g051290.1 1 1 3 1 0 0
Medtr7g051320.1 3 1 2 1 0 1
Medtr7g052640.1 2 1 3 0 0 0
Medtr7g071690.1 1 1 1 0 2 0
Medtr7g071720.1 3 1 1 1 2 0
Medtr7g071720.2 3 1 2 0 2 0
Medtr7g071720.3 3 1 3 1 2 0
Medtr8g036850.1 3 1 2 1 2 0
Medtr2g008910.1 1 0 2 1 1 0
Medtr3g010490.1 1 0 2 4 0 1
Medtr3g014260.1 0 0 4 1 1 1
Medtr3g025420.1 1 0 0 0 0 0
Medtr3g027180.1 2 0 0 2 0 1
Medtr3g031320.1 1 0 0 1 0 2
Medtr3g033510.1 0 0 0 1 0 0
Medtr3g033700.1 0 0 1 0 1 0
Medtr3g052100.1 0 0 1 0 0 0
Medtr3g062880.1 2 0 0 1 1 1
Medtr3g065050.1 2 0 1 2 1 1
Medtr3g065690.1 0 0 1 1 0 1
Medtr3g065710.1 1 0 0 2 0 1
Medtr3g084820.1 2 0 1 2 1 0
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(E) Table 4.1.2-2 (continued) 
 
 
 
 
 
Expressed NCRs Motif 1 Motif 2 Motif 3 Motif 4 Motif 5 Motif 6
Medtr3g084820.1 2 0 1 2 1 0
Medtr3g084910.1 4 0 3 6 0 1
Medtr4g015750.1 0 0 1 1 0 1
Medtr4g033830.1 0 0 2 1 0 0
Medtr4g033900.1 1 0 1 1 1 0
Medtr4g057100.1 2 0 0 2 0 0
Medtr4g059900.1 2 0 0 3 0 1
Medtr4g060700.1 1 0 0 0 0 0
Medtr4g065390.1 1 0 0 1 0 0
Medtr4g100690.1 0 0 0 1 0 2
Medtr5g055370.1 5 0 1 8 0 1
Medtr5g058510.1 0 0 1 0 1 0
Medtr5g059440.1 0 0 2 0 2 1
Medtr5g061640.1 0 0 1 2 0 0
Medtr5g062510.1 0 0 1 1 0 1
Medtr5g069530.1 2 0 0 1 0 0
Medtr5g073530.1 1 0 1 3 0 3
Medtr5g073580.1 2 0 1 2 1 3
Medtr5g076040.1 1 0 1 3 0 1
Medtr5g095590.1 2 0 1 1 0 1
Medtr6g044700.1 2 0 2 3 2 0
Medtr6g055160.1 1 0 2 0 0 1
Medtr6g060370.1 0 0 2 0 1 1
Medtr6g061820.1 0 0 0 1 0 1
Medtr7g009040.1 0 0 2 1 1 0
Medtr7g016470.1 1 0 1 1 1 0
Medtr7g021640.1 2 0 1 0 0 0
Medtr7g025060.1 0 0 1 0 0 0
Medtr7g027120.1 3 0 0 3 1 1
Medtr7g037410.1 0 0 0 2 0 0
Medtr7g050990.1 1 0 0 1 1 1
Medtr7g070090.1 1 0 1 1 2 0
Medtr7g080850.1 1 0 2 0 0 1
Medtr7g084820.1 3 0 0 4 0 0
Medtr7g102160.1 2 0 0 1 0 1
Medtr7g102170.1 0 0 0 0 0 0
Medtr8g036830.1 0 0 1 0 0 0
Medtr8g069130.1 0 0 0 1 0 0
Medtr8g069310.1 1 0 1 3 0 0
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Table 4.1.3-1: All the 40 expressed NCRs that contain all the six motifs. 
Numbers and shades indicate the frequency of motif occurrence in their 
promoter region 
 
 
 
 
 
 
Expressed NCRs Motif 3 Motif 4 Motif 1 Motif 5 Motif 2 Motif 6
Medtr3g069830.1 1 2 2 1 4 1
Medtr3g033100.1 1 2 2 2 3 1
Medtr5g073530.1 3 3 1 3 3 3
Medtr5g073580.1 2 2 2 1 3 3
Medtr3g031320.1 1 1 1 1 2 2
Medtr3g033260.1 1 1 3 2 2 1
Medtr3g069870.1 1 2 2 1 2 1
Medtr4g060730.1 3 3 4 1 2 1
Medtr5g061160.1 1 1 1 1 2 1
Medtr5g069100.1 2 2 2 1 2 1
Medtr5g070410.1 3 3 2 3 2 2
Medtr5g072070.1 3 2 3 2 2 1
Medtr7g045910.1 1 2 2 1 2 1
Medtr3g010490.1 2 4 1 4 1 1
Medtr3g020920.1 2 1 1 1 1 1
Medtr3g027180.1 2 2 2 2 1 1
Medtr3g061750.1 1 1 2 1 1 1
Medtr3g065710.1 1 2 1 2 1 1
Medtr3g084910.1 1 6 4 6 1 1
Medtr4g026680.1 1 3 4 1 1 1
Medtr4g057160.1 1 2 1 1 1 1
Medtr4g059900.1 3 3 2 3 1 1
Medtr4g060590.1 1 2 1 2 1 2
Medtr4g060610.1 2 2 1 2 1 1
Medtr4g060720.1 2 2 1 1 1 1
Medtr5g056890.1 2 1 1 1 1 1
Medtr5g062630.1 2 1 2 1 1 1
Medtr5g063490.1 1 3 1 3 1 1
Medtr5g063780.1 2 2 2 1 1 1
Medtr5g064860.1 1 3 2 3 1 2
Medtr5g068810.1 4 3 1 3 1 2
Medtr5g069500.1 1 3 1 2 1 1
Medtr5g072310.1 1 1 1 1 1 2
Medtr5g076040.1 2 3 1 3 1 1
Medtr7g010200.1 1 1 1 1 1 1
Medtr7g028550.1 1 2 1 1 1 1
Medtr7g037690.1 1 2 2 2 1 1
Medtr7g045520.1 1 1 1 1 1 1
Medtr7g050990.1 2 1 2 1 1 1
Medtr7g051320.1 2 1 3 1 1 1
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4.1.3 Multiple sequence alignment reveals motif conservation 
The MEME algorithm can be used to identify motifs based on an 
expectation-maximisation or an enumerative approach and can be used to 
generate a list of over-represented consensus sequences from a co-regulated 
set of gene promoters. As MEME outputs all the oligomers that occur more than 
the expected with a prior user-specified motif length, fixed motif widths based 
on rigid background nucleotide composition are often generated. Such user 
customised motif length may not necessarily be true representative of 
regulatory binding sites. Hence, to dissect the discovered motifs for homologies 
and conservation amongst promoters we sought to perform multiple sequence 
alignment to ask if the motifs were individual or part of longer stretches of 
conserved sequence. 
NCR genes have been reported as one of gene families to have 
significant divergence from a whole-genome study of nucleotide study (Branca 
et al., 2011). Such extensive divergence among the NCR promoters made the 
creation of an accurate sequence alignment difficult, with low conservation 
across the 185 differentially expressed NCR promoters. And visualisation of all 
the NCR promoters generated scattered motif conservation patches. 
Mathematically, it is also very difficult to generate best global or local alignment 
unless gaps are introduced (Mount, 2008). Thus to produce a representative of 
an accurate alignment to build an effective Hidden Markov Model (HMM), eight 
DE-NCR genes were selected based on the occurrence of all the six motif sites 
and empirical observation. The upstream sequences [-1,-500] of these genes 
were aligned using the EBI tools MAFFT (Multiple alignment using fast fourier 
transform) (Katoh et al., 2002). The aligned sequences with open gap and gap 
extension penalty (as described in method section (2.9.3) was visualised for 
conservation in Jalview (Waterhouse et al., 2009) and Genious version 11.0.2 
https://www.geneious.com/features/genome-alignment/. 
The alignment visualisation in Genious (version 11.0.2) (Figure 4.1.3) 
revealed motifs conservation in the NCR upstream region. The alignment 
(Figure 4.1.3) showed that motifs 4, 1 and 5 were found to be overlapping, 
indicating that they could belong to a bigger motif region consisting of 39-40 
nucleotides (see alignment figure 4.1.3). Notably, motif 3, 2 and 6 were 
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observed to occur separately with a TATA site (highlighted in yellow box) 
closely following motif 6 (Figure 4.1.3, highlighted in red boxes). We also found 
scattered stretch of conserved elements next to motif 2 (TAATGATTT) and 
motif 6 (CTATTTAATT) outside our six motif sites (Figure 4.1.3, highlighted in 
purple boxes). In summary, the alignment provided us an overview of the 
conserved sites of motif landscape in the NCR promoter region. 
The combinatorial occurrence of the six motifs were determined for the 
NCRs based on the presence of all the six motifs (Table 4.1.3-1). Despite all 
the 185 NCR genes demonstrating the presence of one or the other six motifs, 
only 40 NCR genes out of all the 185 expressed genes were found to contain 
all the six motifs (Table 4.1.3-1). Motif 2 was present at its highest occurring 
four times in Medtr3g069830. One NCR gene Medtr3g084910 was found to 
have high occurrence of motif 4, 1 and 5 with motif 4 and 5 occurring six times. 
Overall, motif 4, 1 and 5 as seen from alignment revealed stretch of longer 
element conservation. Except for one NCR gene Medtr7g102170 that did not 
contain any of the six motifs, all the remaining NCRs (expressed and matched 
with the probe ID of our microarray data) were found to have at least one or the 
other combination of the six motifs. 
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Figure 4.1.3: NCR promoter architecture analysis. Visualisation of Multiple Sequence alignment (MSA) using Genious in 
representative of eight NCR promoter regions [-1,-500] that showed conservation of the six motifs. The visualization was 
performed after aligning the sequence with EBI tools MAFFT (Multiple alignment using fast fourier transform). The sites of six 
motifs are shown in the red boxes, other conserved sites nearby the motif 2 region (shown in purple box) and motif 6 region 
(shown in purple boxes). Bars represent the identity of the conservation quality.  
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4.1.4 Potential TF(s) as regulators of NCR gene promoters  
Transcription factors (TFs) play a major regulatory role in controlling 
gene expression by binding in a sequence specific manner (motifs) to the 
promoter region. We therefore searched for the TF(s) that could be regulators 
of the NCR genes by binding to the motifs in the NCR gene promoters. To 
investigate if the best conserved sites in our alignment and the MEME identified 
motif regions represent any previously known TF binding sites, the Tomtom tool 
(Gupta et al., 2007) in MEME-suite was used.  
The scan with our PWM (described in our method section) served as our 
query and were tested against a number of databases: JASPAR plants 2016 
(Mathelier et al., 2016), Arabidopsis PBM database (Franco-Zorrilla et al., 2014) 
and the CIS-BP database (Weirauch et al., 2014) for Arabidopsis (CISBP-At) 
and Medicago (CISBP-Mt) FZ (Figure 4.1.4). JASPAR plants database 
(Mathelier et al., 2016) is an open access database consisting of curated, non-
redundant transcription factor (TF) binding profiles for multiple species in six 
taxonomic groups (vertebrates, nematodes, insects, fungi, urochordates and 
plants). The Arabidopsis PBM database (Franco-Zorrilla et al., 2014) utillises 
high-throughput protein binding microarrays (PBM) for the characterisation of 
the target sequence specificity of 63 plant specific TFs representing 25 families. 
The CIS-BP database (Weirauch et al., 2014) is catalogue of inferred sequence 
binding preferences developed by sampling DNA-binding domain (DBD) types 
from multiple eukaryotic clades. DNA binding sequence preferences for >1,000 
TFs encompassing 54 different DBD classes from 131 diverse eukaryotes have 
been determined from known and inferred motifs sequence that coincide with 
ChIP-seq binding peak, are enriched in the promoter regions of diverse 
eukaryotes, and overlap eQTLs region in Arabidopsis (Weirauch et al., 2014).  
Based on the sequence similarity, identity and E-values, eight TF targets 
were determined to be significant hits using an E-value <0.05. All the eight TFs 
correspond to transcription factor binding sites (TFBS) of Arabidopsis genes. 
Apart from the eight Arabidopsis TF(s), one likely binder protein called PEND 
(Plastid envelope DNA binding protein, figure 4.1.4 D) from Pisum sativum was 
found with hits outside the motif region at position 377-386 (JASPAR database). 
This PEND protein is thought to be involved in the binding of plastid nucleoids 
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to the inner envelope membrane (Sato et al., 1998). We found eight putative 
TF(s) from the Arabidopsis database- CCA1, RVE1, ATHB15, ATHB16, 
AHL20, AHL25, WOX13 and AtGRP2B. Out of these eight potential TF(s), we 
have prioritized three TF(s) namely CCA1, RVE1 (Figure 4.1.4 A), ATHB15 and 
ATHB16 (Figure 4.1.4 B) because the target hits of alignment fell into our 
previously identified motifs 2 and 6. Other putative TF(s) of AHL family proteins 
(Figure 4.1.4 C) with potential binding sites to the conserved elements from 
alignment (Figure 4.1.3, highlighted with purple boxes) were also investigated. 
These AHL family proteins of TFs) were found to be strongly represented. 
Amongst all the expressed 185 NCR genes, 134 NCR genes were found 
to have motif 2. Out of these 134 NCR genes with motif 2, there were 63 
promoters in total that corresponded to our 12-mer motif 2 region with 
AGAGAC/TATTT. Altogether this corresponded to ~47% of the NCR genes 
containing an over-representation of the CCA1 binding site. Out of these NCR 
promoters, 15 NCR promoters contained the cis-regulatory element 
AGATATTT which was predicted to be bound by clock-related Myb TF proteins 
such as CCA1 (Manfield et al., 2007). Notably, we also found that the RVE1, a 
morning-phased TF that integrates clock and developmental pathways as a 
likely binder to this site represented (Figure 4.1.4 A). All the promoter of the 
NCR genes containing the exact CAA1 binding sites of AGATATTT were 
differentially expressed with -1.5 < FC > 1.5 and p-value <0.05. On closer 
inspection of all the 185 expressed NCR genes, 27 promoter of the NCR genes 
were found to have the core element GATA (Table 4.1.4-1) that are also 
regulated by circadian rhythms (Reyes et al., 2004). 
 The other ATHBs transcription factor (ATHB15 and ATHB16) belonging 
to homeo-box protein family revealed a shared binding site with target 
consensus element of TAATWATT (Figure 4.1.3, in purple box, at alignment 
position of 495-502 region).  This conserved element found from JASPAR 
plants 2016 database corresponded close to motif 2. Additionally, ATHB15 and 
ATHB16 were equally found to be a potential binder in the region overlapping 
our motif 6 (Figure 4.1.3) from CISBP-At database. ATHB16 function as a 
growth regulator in response to photoperiodism for development pathway while 
ATHB15 is a transcription factor regulating meristem and lateral organ 
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development (Ochando et al., 2006; Wang et al., 2003b). Other putative binders 
include AT-hook Motif Nuclear Localised, AHL protein family (AHL20 and 
AHL25) targeting the well conserved site AWTTAATT closely following our motif 
6 region (Figure 4.1.3 in blue box and Figure 4.1.4c). AHL20 is involved in the 
negative regulation of plant defenses while AHL25 is required for negative 
regulation of GA (Lu et al., 2010; Matsushita et al., 2007). Considering the 
conserved sites for TF search from the sequence alignment, in general ATHB 
and AHL protein family were highly represented as significant hits (data not 
shown).  
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Figure 4.1.4: Putative transcription factor hits from A.thaliana database 
identified. Known TF from TF-target databases aligned with the motif region 
and the conserved sites from multiple sequence alignment using Tomtom scan 
in MEME suite. The target region and the query are derived from database 
JASPAR Plants 2016 and Franco-Zorrila Arabidopsis PBM. (A) CCA1 and 
RVE1 binding site (AGATATTT) alignment with query motif 2 (AGAGACATTT). 
(B) ATHB15 (TAATTATT) and ATHB16 (TAATAATT) binding site target 
alignment (C) AHL20/AHL25 binding target site (TATTTAATTG) alignment in 
579-588 conserved region from MSA. (D) PEND protein binding site at the 
alignment region of 377-386 from MSA. 
 
 
CCA1, RVE1 à motif2 (Circadian Clock 
Associated) 
E-value: 0.0152058 
CCA1 ortholog annotated as Late 
elongated hypocotyl-like protein 
RVE1 ortholog annotated as Myb 
transcription factor 
ATHB-15, ATHB-16 à motif6 (Plant 
development) 
E-value: 0.0152808 
Medicago ortholog ATHB15 annotated as 
class III homeodomain leucine zipper 
protein 
Medicago ortholog ATHB16 homeobox 
associated leucine zipper protein  
  
AHL20, AHL25 à Outside the motif 
region in promoter 
E-value: 0.00229149 
PEND à Outside the motif region in 
promoter 
(A) 
(C) 
(B
) 
(D) 
 79 
 
Table 4.1.4-1: Promoters of the 27 NCR genes with putative CCA1 binding sites 
that contained the core GATA element. Occurrence site, DNA strand and p-
values as obtained from FIMO scan in MEME suite. 
Gene ID Start Stop Strand p-value Element 
Medtr5g070410 
Medtr5g061400 
Medtr3g069830 
Medtr6g006350 
Medtr6g006240 
Medtr5g072420 
Medtr5g072310 
Medtr5g037780 
Medtr3g031340 
Medtr3g033100 
Medtr3g033260 
Medtr1g046020 
Medtr1g058880 
Medtr3g069870 
Medtr5g071880 
Medtr5g057460 
Medtr4g033830 
Medtr4g031430 
Medtr5g063600 
Medtr2g045290 
Medtr4g031520 
Medtr1g044500 
Medtr3g020930 
Medtr5g059740 
Medtr5g066750 
Medtr4g031380 
Medtr7g010200 
346 
349 
379 
409 
422 
457 
354 
353 
368 
390 
401 
472 
278 
396 
348 
433 
62 
197 
215 
233 
240 
142 
405 
489 
256 
325 
330 
357 
360 
390 
420 
433 
468 
365 
364 
379 
401 
412 
483 
289 
407 
359 
444 
73 
208 
226 
244 
251 
153 
416 
500 
267 
336 
341 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
- 
+ 
+ 
2.25E-07 
2.25E-07 
2.25E-07 
2.25E-07 
2.25E-07 
1.54E-06 
1.91E-06 
3.72E-06 
3.72E-06 
3.72E-06 
3.72E-06 
6.69E-06 
2.63E-05 
2.63E-05 
2.95E-05 
2.95E-05 
4.78E-05 
4.78E-05 
4.78E-05 
4.78E-05 
4.78E-05 
4.78E-05 
7.26E-05 
7.83E-05 
8.46E-05 
9.46E-05 
9.46E-05 
AGAGATATTTAA 
AGAGATATTTAA 
AGAGATATTTAA 
AGAGATATTTAA 
AGAGATATTTAA 
AGAGATATTTAT 
AGAGATAATTAA 
AAAGATATTTAA 
AAAGATATTTAA 
AAAGATATTTAA 
AAAGATATTTAA 
AGAGATAAATAA 
AGAGATATTTAC 
AGAGATATTTAG 
AGAGATATTTTA 
AGAGATATTTTA 
AAAGATAAATAA 
AAAGATAAATAA 
AAAGATAAATAA 
AAAGATAAATAA 
AAAGATAAATAA 
AAAGATAAATAA 
AAAGATATACAA 
AGAGATACATAA 
AGAGATATTTTT 
AAAGAGATATAT 
AAAGAGATATAT 
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Table 4.1.4-2: Promoters of the 36 NCR genes with putative CCA1 binding sites 
that contained the AGACATTT element with their occurrence site, DNA strand 
and p-values as obtained from FIMO scan in MEME suite. 
Gene ID Start Stop Strand p-value Element 
Medtr4g060610 
Medtr7g028550 
Medtr5g026070 
Medtr3g062830 
Medtr6g060320 
Medtr7g045410 
Medtr2g063470 
Medtr7g045910 
Medtr5g061120 
Medtr7g029760 
Medtr1g042910 
Medtr1g042200 
Medtr1g042940 
Medtr5g069100 
Medtr4g057120 
Medtr1g042850 
Medtr5g063490 
Medtr5g063890 
Medtr5g063780 
Medtr5g063580 
Medtr7g016440 
Medtr5g059670 
Medtr7g008940 
Medtr5g056360 
Medtr3g015940 
Medtr3g033930 
Medtr2g060960 
331 
340 
343 
349 
351 
354 
360 
363 
364 
368 
373 
374 
377 
380 
388 
394 
432 
433 
438 
477 
339 
351 
355 
376 
204 
248 
316 
342 
351 
354 
360 
362 
365 
371 
374 
375 
379 
384 
385 
388 
391 
399 
405 
443 
444 
449 
488 
350 
362 
366 
387 
215 
259 
327 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000102 
0.000000428 
0.000000428 
0.000000428 
0.000000428 
0.00000179 
0.00000179 
0.00000179 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAA 
AGAGACATTTAT 
AGAGACATTTAT 
AGAGACATTTAT 
AGAGACATTTAT 
AAAGACATTTAA 
AAAGACATTTAA 
AAAGACATTTAA 
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Table 4.1.4-2 (continued):  
Gene ID Start Stop Strand p-value Element 
Medtr5g061160 
Medtr4g026750 
Medtr7g008970 
Medtr7g071310 
Medtr4g026680 
Medtr2g104570 
Medtr6g044730 
Medtr4g060720 
Medtr7g071220 
406 
344 
347 
356 
365 
417 
30 
346 
383 
417 
355 
358 
367 
376 
428 
41 
357 
394 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
0.00000179 
0.0000125 
0.0000125 
0.0000125 
0.0000125 
0.0000154 
0.0000411 
0.0000919 
0.0000919 
AAAGACATTTAA 
AGAGACATTTAG 
AGAGACATTTAC 
AGAGACATTTAG 
AGAGACATTTAG 
AGAGACATTTGA 
AGAGACATTTGT 
TAAGACATTTAA 
AAAGACATTTTA 
 
4.2 Discussion  
Differential gene expression analysis from our transcriptomic data and 
investigation of DE gene promoters led to the identification of putative motif 
sites in the promoters of genes responsive to N and rhizobia. Consistent with 
the report of NCR gene expression only in symbiotic nodules, our microarray 
data found this and also found co-regulation of NCR genes with nodulation 
pathway genes, we sought to investigate the promoter region for presence of 
regulatory binding sites. Work in this chapter showed the presence of 
conserved motifs from our de novo motif discovery in co-expressed promoter 
regions. As well as the six motifs (TCATGAAAGGTT, TATAAAGTGATCA, 
CAACACATTGAT, AGAGACATTTAA, TTTTACAACTCC) found from MEME 
analysis, conserved stretches of these elements were characterised (Figure 
4.1.3). As seen in the table 4.1.2-1 the majority of promoter with the conserved 
motifs were found to consist of nodulins and NCR encoding genes.  
Promoters of NCRs with significant motifs as PSSMs could serve as 
putative regulatory binding sites. This led to the hypothesis that if these motif 
sites were conserved, perhaps it is a feature of NCR upstream regions where 
transcription factors are recruited for their regulation. The fact that all of the 
NCR genes were significantly upregulated (FC>1.5, p-value <0.05) in the 
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presence of rhizobium along with genes involved in nodulation pathway also 
suggested the existence of a co-regulatory mechanism with nodulins.  
Promoter sequence diversity is evident from the wide variation in motif 
occurrence as shown in Table 4.1.3-1. There seems to be no particular pattern 
in motif occurrence across promoters, except for motif 4,1 and 5 seemingly 
indicating a stretch of a longer motif. We are not the first to report the presence 
of motifs in the NCR upstream region, but our data is in line with previous work. 
The 12 bp of the six motifs we found overlapped the longer 41-50bp motifs in 
the NCR promoter as previously reported by (Nallu et al., 2013). Nallu et al 
(2013) found that 566 NCRs were expressed over the stages of nodule 
formation, Nallu et al (2013) used a custom Affymetrix microarray with probes 
for 684 Medicago DEFLs (defensin like family genes) method enabled them to 
analyse more NCRs than on our NimbleGen microarray. While our results are 
consistent with NCR expression being dependent on the number and volume 
of the rhizobia in nodules, we did not find any of the other motifs that Nallu et al 
(2013) found ID1 binding site, Auxin Response Factor (ARF) binding site, Dof 
protein binding site, and MADS box gene binding sites) over represented in our 
differentially expressed NCR genes. 
Understanding gene regulation and expression often poses challenges 
due to the degeneracy of transcription factor binding sequences. The over-
representation of clock related binding sites (AGAC/TATTT) in the upstream 
region of NCR genes suggests a novel regulation of NCR expression under 
circadian control, although the exact contribution remains unclear. Previous in 
vitro assay characterisation identified direct binding of CCA1 and LHY to the 
evening element motif AAATATCT that was over-represented in the promoters 
of circadian regulated gene that show a peak expression in the evening 
(Edwards et al., 2005; Harmer et al., 2000; Michael et al., 2008).  
Circadian oscillation of gene regulation plays a vital role as an internal 
time-keeper to align optimum growth, development and assimilation. 
Independent analysis of the root and shoot circadian rhythm in Arabidopsis has 
shown that the endogenous root clock exhibits an extreme version of organ 
specificity (James et al., 2008). The study reported only a subset of 3.2% of 
root genes that display rhythmicity, including the MYB gene RVE1, have their 
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peak expression delayed in roots relative to shoot (James et al., 2008). The 
organ-specific circadian clock was further defined in another study that 
evaluated the differences of light input effect in roots and shoots (Bordage et 
al., 2016). This indicates that the circadian clock depends on the organ type 
and environment. This is in line with our finding of RVE1 binding sites in the 
NCR upstream region as NCRs are known to have extreme root nodule-specific 
expression. 
It has been shown that all plant hormone signalling pathways that 
influence growth and development have an enrichment of circadian-responsive 
genes (Covington et al., 2008). One of the pieces of evidence implicating the 
circadian clock in root development is the finding that it is re-phased during LR 
development in co-ordination with auxin signalling (Voss et al., 2015). The study 
demonstrated that the circadian clock is required for LR emergence and 
development to gate auxin responses in root primordial cells. Similarly the clock 
and hormones regulate nodulation in legume roots. The involvement of the 
phytohormone cytokinin on regulation of nodule organogenesis has been 
elaborated with the identification of two TFs NSP2 and bHLH476 as primary 
targets (Ariel et al., 2012). Moreover, altered cytokinin response affecting the 
diurnal rhythm of circadian oscillations in lhy and cca1 mutants of Arabidopsis 
have been studied (Zheng et al., 2006).  These findings highlight the influence 
of phytohormones in concert with circadian regulation of nodule organogenesis. 
Another piece of evidence that the circadian system integrates with 
phytohormonal pathway comes from the study that RVE1 affects hypocotyl 
elongation and increases auxin levels in Arabidopsis (Rawat et al., 2009). RVE1 
is a myb-like TF homologous to core circadian genes CCA1, LHY. These 
circadian genes CCA1 and LHY (represented by single amino acid sequence 
in M. truncatula and G. max; (Hecht et al., 2005)) with myb-like domain contain 
a distinct motif SHAQKYF that binds to the EE motif (Schaffer et al., 1998; 
Wang and Tobin, 1998). Therefore, the over-representation of CCA1/RVE1 
binding sites on NCR genes which expresses only in nodules, the accumulating 
evidence of circadian oscillations to be organ-specific, along with phythormonal 
integration, strongly suggest the possible existence of a nodule circadian clock.  
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Additional clock-controlled regulation that is important for understanding 
rhizobial colonisation in Medicago roots is the expression of defense response 
genes against pathogen invasion. In a study of plant defence, the Arabidopsis 
Pseudomonas syringae and insect immune response-regulating R-mediated 
genes were found to be under circadian control (Bhardwaj et al., 2011; 
Goodspeed et al., 2012; Shin et al., 2012). Significant enrichment of CCA1 
binding sites were also reported in the promoters of genes that are induced 
upon invasion of the biotrophic pathogen Hyaloperonospora arabidopsidis 
(Goodspeed et al., 2012; Zhang et al., 2013). With the postulated role of NCR 
expression as a defence response, induced by rhizobium, the enrichment of 
CCA1-binding sites in NCR promoters could enable reception of a signal in 
IRLC legumes such as M. truncatula to prepare for ‘symbiont infection’ and 
nodule development.  
Following the hypothesis that gene duplication can enable the gain of 
new function in the course of evolution (Flagel and Wendel, 2009), with 
evidence that the CCA1 target site underwent a massive genomic expansion 
(Nagel et al., 2015) and with myriad of biological functions under the circadian 
rhythm, we propose that NCRs have a role beyond just a defense mechanism. 
In this study, we proposed that members of the large NCR gene family 
appear to have additional roles under the regulation of our identified TFs. We 
speculate that the presence of likely binders of the ATHB and AHL protein 
family, Myb TFs like CCA1/LHY and RVE1 is indicative of indel (insertions and 
deletions) events leading to the recruitment of transcription factors contributing 
to the regulation of endosymbiotic nitrogen fixation. The putative transcription 
factors belonging to superfamily of ATHB and AHL protein family indicate the 
possibility of NCRs function in plant development beyond defense. It is possible 
that the NCR genes have co-evolved with another ancient gene family for gain 
of new symbiotic function through gene duplications that may have occurred in 
Arabidopsis and IRLC legumes. This supports a likely existence of likely 
multiple functions of NCRs as DEFLs have been reported to play dual roles in 
defense and developmental plant signalling during plant-microbial interaction. 
As such, functional characterization of NCRs and how they are regulated will 
help in elucidating any additional roles of NCRs.  
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Chapter 5: Identification of Medicago truncatula 
transcription factors as putative NCR regulators 
 
5.1 Introduction 
 
As described in Chapter 4, interaction of cis-acting TF with DNA is highly 
sequence specific. To identify promoter binding sites we used a TOMTOM scan 
from the TF database of the commonly studied non-legume model plant 
Arabidopsis thaliana. This was also used to compare the de novo motifs 
identified in NCR promoters to TF(s) that were biochemically characterized or 
previously identified.  Due to the degree of evolutionary conservation between 
plants, the functional features of experimentally characterized TF genes in 
Arabidopsis are likely to be comparable to Medicago (Van Bel et al., 2018). We 
followed the hypothesis that functional features for TF gene regulation (the cis 
regulatory elements) are shared across species and that TF regulators would 
also be homologous, as orthologous genes tend to biologically conserve their 
function in different organisms during evolutionary diversification. 
We used comparative genomic methods to identify gene-homology 
relationships between Arabidopsis TF(s) and Medicago and ask if putative TF 
ortholog genes binding the motifs that we identified exist in the Medicago 
genome. We employed a reciprocal blast method to query the amino acid 
sequence of Arabidopsis proteins predicted to bind the motifs against Medicago 
genome and thus identify orthologs. 
To identify Medicago mutants defective in putative TF orthologs the 
Medicago database of mutants developed by Tnt1 retrotransposon insertion 
and Fast Neutron Bombardment (FNB) was used (Sun et al., 2018; Tadege et 
al., 2008). A genotyping screen to identify mutants that were homozygous was 
carried out, then the level of mRNA expression determined to ask if the mutants 
were defective in expression of the genes carrying a mutation.  
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Figure 5.1.1-1: Normal distribution fit to the Log2 gene expression density profiles of transcriptomic data for classification of 
distinct expression mode using MClust R package. X-axis represent the kernel density and Y-axis represents the log2 
expression signal of microarray hybridization. The threshold values for the treatment sample described are given in Table 
3.1.3-1. The threshold expression boundary was determined using a mixture model. The black solid smooth curve represents 
the gene expression distribution pattern analysed from the array probe set. The red line denotes threshold level for the genes 
to be considered “on-off”. 
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5.1.1 Medicago orthologs from putative TF(s) and their 
expression 
 
Using a reciprocal protein BLAST with Arabidopsis TF, eight TF(s) 
(CCA1, RVE1, ATHB15, ATHB16, AHL20, AHL25, WOX13, AtGRP2B) were 
queried against the Medicago genome 4.0 version. A total number of 31 unique 
Medicago orthologous genes were identified from the search; the Arabidopsis 
gene loci for the TF(s) and number of Medicago orthologs expressed are given 
in Table 5.1.1-1.  
Based on the E-value score, identity score and alignment score, 21 
Medicago truncatula orthologs were selected for study (Table 5.1.1-1). This 
included seven Arabidopsis gene loci with multiple Medicago orthologs and one 
Arabidopsis gene (AtGRP2B) with one ortholog. For each Medicago ortholog 
we asked if it was expressed within root sample mRNA. To understand the 
global spread of A17 and sunn-1 gene expression distributions kernel density 
estimate (Figure 5.1.1-1) was used to determine that 17 Medicago orthologs 
were expressed above threshold level in both the genotypes. The threshold 
level for A17 data was in the range of 6-7-6.8 (log2 gene expression) while for 
sunn-1 the threshold level was in the range of 6.6-6.8 (log2 gene expression) 
(Figure 5.1.1-1). The threshold level of expression from the kernel density 
estimate determined which genes were considered to be expressed.  
Amongst the 17 M. truncatula orthologs was Medtr7g118330 (late 
elongated hypocotyl-like protein, LHY), a putative CCA1 ortholog, and 
Medtr3g064500 and Medtr5g076960 (MYB transcription factor proteins) as 
putative RVE1 orthologs (Table 5.1.1-1). Further evaluation of our putative 
CCA1 and RVE1 orthologs for their transcript abundance within our expression 
dataset show expression of the one CCA1 ortholog  and the two RVE1 ortholog 
genes (Figure 5.1.1-2) in all the treatment conditions for both the wild type and 
mutant background (A17 and sunn-1), except for the RVE1 ortholog 
Medtr3g064500. The transcript profile of CCA1 and RVE1 in the wild-type A17, 
irrespective of rhizobium absence or presence, follows a similar trend, with 
lower expression for plants grown in N deplete conditions than in N-replete 
conditions (Figure 5.1.1-2). In the sunn-1 mutant we observed an increased 
 88 
expression of CCA1 and RVE1 Medicago ortholog transcripts in rhizobium-
inoculated seedlings under deplete N conditions, compared to the same 
conditions in A17 wild-type (Figure 5.1.1-2). 
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Table 5.1.1-1 Medicago orthologs that are expressed in transcriptomic data from root samples. There are 17 non-redundant 
unique Medicago orthologs expressed on our data.  
Gene 
name 
 
Query 
(Arabidopsis 
gene locus) 
A. thaliana gene 
annotation 
M. truncatula 
ortholog(s) gene 
locus 
M. truncatula gene 
annotation 
Identity 
(%) 
E-value 
CCA1 AT2G46830.1 Circadian clock 
associated protein 1 
Medtr7g118330.1 
 
late elongated hypocotyl-
like protein 
51.293 1.51E-49 
RVE1 AT5G17300.1 REVEILLE 1, Myb-like 
transcription factor 
Medtr5g076960.1 myb transcription factor 46.847 2.67E-58 
ATHB15 AT1G52150.2 Class III homeodomain 
leucine zipper protein 
Medtr2g030130.1 
Medtr2g094520.1 
Medtr2g101190.1 
Medtr3g109800.1 
Medtr8g013980.1 
class III homeodomain 
leucine zipper protein 
66.348 
61.437 
84.982 
78.791 
83.552 
0 
0 
0 
0 
0 
ATHB16 AT4G40060.1 homeodomain leucine 
zipper class I (HD-Zip I) 
protein 
Medtr3g086790.1 homeobox associated 
leucine zipper protein 
44.615 3.18E-66 
AHL20 AT4G14465.1 AT hook motif nuclear 
localized protein 
Medtr5g080580.1 DUF296 domain protein 67.832 6.01E-53 
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Table 5.1.1-1 (continued) Medicago orthologs that are expressed in transcriptomic data from root samples. Redundant 
orthologous genes in AHL20 and AHL25 family have been underlined. 
Gene 
name 
 
Query 
(Arabidopsis 
gene locus) 
A. thaliana gene 
annotation 
M. truncatula 
ortholog(s) gene 
locus 
M. truncatula gene 
annotation 
Identity 
(%) 
E-value 
AHL20 
 
 
 
 
AT4G14465.1 AT hook motif nuclear 
localized protein 
Medtr1g079810.1 
Medtr3g100470.1 
Medtr4g098450.1 
Medtr5g011520.1 
Medtr5g091630.1 
Medtr7g080980.1 
AT hook motif DNA-
binding family protein 
51.582 
49.495 
62.147 
65.409 
52.83 
51.22 
1.13E-79 
AHL25 AT4G35390.1 AT hook protein of GA 
feedback 1 
Medtr1g079810.1 
Medtr4g098450.1 
Medtr5g011520.1 
Medtr5g091630.1 
Medtr7g080980.1 
AT hook motif DNA-
binding family protein 
64.557 
53.509 
70.44 
63.03 
53.211 
1.65E-59 
4.15E-61 
1.55E-59 
1.21E-63 
3.00E-58 
 
AtGRP2B 
 
AT4G13850.1 
Glycine rich RNA binding 
protein 
 
Medtr3g084040.1 
RNA-binding 
(RRM/RBD/RNP motif) 
family protein 
 
65.812 
 
 
8.24E-49 
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Table 5.1.1-2 Medicago orthologs that are not expressed in transcriptomic data from root samples. Redundant orthologous genes 
in AHL20 and AHL25 family have been underlined. 
Gene 
name 
Query 
(Arabidopsis 
gene locus) 
A. thaliana gene 
annotation 
M. truncatula 
ortholog(s) gene 
locus 
M. truncatula gene 
annotation 
Identity 
(%) 
E-value 
AHL20 
 
AT4G14465.1 
 
AT hook motif nuclear 
localized protein 
Medtr1g073860.1 
Medtr1g044155.1 
Medtr3g068035.1 
Medtr8g036060.1 
AT hook motif DNA-binding 
family protein 
59.933 
58.654 
60.829 
69.481 
9.9E-92 
1.77E-92 
2.12E-68 
3.4E-59 
AHL25 AT4G35390.1 AT hook protein of GA 
feedback 1 
Medtr1g073860.1 
Medtr1g044155.1 
Medtr3g068035.1 
Medtr8g036060.1 
AT hook motif DNA-binding 
family protein 
68.421 
71.053 
60.829 
59.307 
1.35E-59 
5.22E-61 
2.12E-68 
4.5E-64 
ATHB15 AT1G52150.2 class III homeodomain 
leucine zipper protein 
Medtr3g109800.2 
Medtr4g058970.1 
class III homeodomain 
leucine zipper protein 
77.778 
66.865 
0 
0 
ATHB16 AT4G40060.1 homeodomain leucine 
zipper class I (HD-Zip I) 
Medtr8g089895.1 homeobox associated 
leucine zipper protein 
44.277 1.04E-69 
WOX13 AT4G35550.1 WUSCHEL-related 
homeobox gene family 
Medtr1g115315.1 
Medtr1g115315.2 
Medtr3g115620.1 
wuschel-related homeobox 
protein 
50.671 
53.759 
52.991 
50.671 
53.759 
52.991 
RVE1 AT5G17300.1 REVEILLE 1, Myb-like 
transcription factor 
Medtr3g064500.1 
 
myb transcription factor 47.945 
 
3.11E-64 
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Of the six Medicago orthologs identified for putative developmental TF 
proteins, ATHB15 (Medtr3g086790) and ATHB16 (five orthologs, 
Medtr2g030130, Medtr2g101190, Medtr3g109800, Medtr8g013980) were 
found to have similar expression pattern compared to one ortholog 
(Medtr2g094520) with lower expression (Figure 5.1.1-2).  AHL20 and AHL25 
with redundant ortholog genes (Medtr1g079810, Medtr4g098450, 
Medtr5g011520, Medtr5g091630, Medtr7g080980) represented the TF family 
of AHLs (Table 5.1.1-2). The Medicago AHL orthologs were found to share 
similar expression profile in A17 and sunn-1 except for one orthologous gene 
Medtr5g091630 (Figure 5.1.1-2). In general, the ATHB and AHL sequences 
were found to have a large number of putative hits in the Medicago genome 
and these were found to be redundant at the sequence level. They were also 
found to be largely redundant at the expression level (Table 5.1.1-2) (although 
the location of expression was not analysed 
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Figure 5.1.1-2: Transcript profile of MYB gene family orthologs of CCA1 and 
RVE1 in deplete or replete N condition (+rhizobia/-rhizobia) conditions in A17 
and sunn-1. (A) Top left shows log2 expression of CCA1 ortholog 
Medtr7g118330 in A17 in mock-replete N (AMLH), mock-deplete N (AMLL), 
rhizobia-replete N (ARLH) and rhizobia-deplete N (ARLL) conditions; top right 
shows expression in the sunn-1 mutant in mock-replete N (SMLH), mock-
deplete N (SMLL), rhizobia-replete N (SRLH) and rhizobia-deplete N (SRLL) 
conditions. (B) Bottom left shows log2 expression of RVE1 ortholog 
Medtr5g76960 in A17 in AMLH, AMLL, ARLH and ARLL conditions while 
bottom right shows expression in sunn-1 in SMLH, SMLL, SRLH and SRLL 
conditions. 
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Figure 5.1.1-2 (continued) Transcript profile of homeobox gene family 
orthologs (C) ATHB15  and (D) ATHB16  in deplete or replete N condition 
(+rhizobia/-rhizobia) conditions in A17 and sunn-1. 
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Figure 5.1.1-2 (continued) Transcript profile of AHL20 (E) and AHL25 (F)  
deplete or replete N condition (+rhizobia/-rhizobia) conditions in A17 and sunn-
1. 
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5.1.2 Identification of Tnt1 Medicago mutants 
 
To elucidate the function of the putative NCR regulators we sought to 
search for mutants that were disrupted in the putative orthologous TF genes. 
The M. truncatula mutant population generated by tobacco retrotransposon 
(Tnt1) insertion developed at the Samuel Roberts Noble Foundation (Sun et al., 
2018; Tadege et al., 2008) offers the most comprehensive catalog of putative 
mutants and thus was the source for this work. 
Tnt1-tagged Medicago mutants have already been utilised for forward 
genetics screening in a number of laboratories e.g (Ameline-Torregrosa et al., 
2008; Benlloch et al., 2006; Tadege et al., 2008). In order to identify the 
Medicago mutant lines, the nucleotide sequence of ortholog genes was used 
as the query sequence for BLAST search. A M. truncatula mutant database 
(Sun et al., 2018; Tadege et al., 2008), at the Noble Research Institute holds a 
collection of Medicago mutant lines developed in the R108 background by Tnt1 
retrotransposon insertion. The Tnt1 Flanking Sequence Tag (FST) flanks the 
insertion sites.  
Since the Medicago mutant lines are in the R108 background, so first all 
ortholog gene sequences were identified in the R108 genome (see Methods). 
A blastn search with the indexed gene sequence of the 7 TF proteins (clock 
related - CCA1, RVE1; development related - ATHB15, ATHB16, AHL20, 
AHL25 and WOX13) from R108 background resulted in identification of 37 high-
confidence Tnt1-tagged mutant lines with FST insertions (Table 5.1.2-1). These 
mutant lines were then prioritised based on the most significant E-values, their 
alignment identity >95% and known FST sites for the insertions. 
For the CCA1 ortholog gene Medtr7g118330 four mutant lines were 
identified with FST insertions in 6th exon (NF2784, NF17115), upstream region 
(NF20691) and 2nd intron (NF16461). For the RVE1 ortholog gene 
Medtr5g076960 only one mutant NF13921, with a FST insert on the 2nd exon, 
was found. For the orthologous genes of ATHBs (Medtr2g094520- NF1297; 
Medtr3g109800- NF5993, NF17550; Medtr2g030130- NF0908, NF1084, 
NF1729; Medtr4g058970- NF5999; Medtr8g013980- NF11854) there were nine 
mutant lines (Table 5.1.2-1). For the AHL gene family (with redundant 
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orthologous genes) there were 20 mutant lines and the WOX13 family of TF 
there were two mutant lines (Table 5.1.2-1). A search for mutants was also 
carried out in the Medicago population generated by FNB mutagenesis. 
However, it resulted in poor alignments and the E-values were not significant 
as compared to Tnt1 BLAST results (data not shown). 
 
Table 5.1.2-1: Tnt1 mutant lines identified from the blastn search from the 
Medicago mutant database (Noble Research Foundation).  Medicago genes 
corresponding to orthologous Arabidopsis TF(s), FST start and end site co-
ordinates with the respective mutant lines found for each gene are given below. 
Genes in this table were expressed in our microarray data. Mutant line NF5993 
had two hits for the two transcript variants Medtr3g109800.1 (expressed) and 
Medtr3g109800.2 (not expressed, see the next Table 5.1.2-2) 
Medicago 
orthologues 
with expression 
data 
Arabidopsis 
TF 
Chromosome no. and 
co-ordinates 
Medicago mutant 
line identified 
Medtr7g118330 
 
Medtr5g076960 
 
Medtr2g094520 
 
Medtr3g109800 
 
Medtr2g030130 
 
Medtr3g109800 
 
Medtr8g013980 
 
Medtr1g079810 
 
Medtr4g098450 
 
Medtr5g011520 
 
Medtr3g100470 
 
Medtr5g091630 
 
Medtr7g080980 
 
CCA1 
 
RVE1 
 
ATHB15 
 
ATHB15 
 
ATHB15 
 
ATHB15 
 
ATHB15 
 
AHL20 
 
AHL20 
 
AHL20 
 
AHL20 
 
AHL20 
 
AHL25 
 
chr7:49115428-49124034 
 
chr5:32828190-32832068 
 
chr2:40311598-40317520 
 
chr3:51353722-51359959 
 
chr2:11282450-11288303 
 
chr3:51353722-51359959 
 
chr8:4335616-4343529 
 
chr1:35464260-35466532 
 
chr4:40540545-40542860 
 
chr5:3331246-3333409 
 
chr3:46200293-46202285 
 
chr5:39959279-39960443 
 
chr7:30873014-30875062 
 
NF2784, NF17115, 
NF20691, NF16461 
NF13921  
 
NF1297 
 
NF5993, NF17550 
 
NF0908, NF1084, 
NF1729 
NF14210 
 
NF11854 
 
NF1531, NF17813 
 
NF2932, NF20547 
 
NF9265, NF3697 
 
NF17277 
 
NF11111,  
NF1264_2D 
NF3772, NF5835, 
NF13955, NF20437 
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Table 5.1.2-2: Tnt1 mutant lines identified from the blastn search from the 
Medicago mutant database (Noble Research Foundation).  Medicago genes 
corresponding to orthologous Arabidopsis TF(s), FST start and end site co-
ordinates with the respective mutant lines found for each gene are given below. 
The list of orthologous genes in this table were not found to be expressed in 
our microarray data. 
Medicago 
orthologues 
without 
expression data 
Arabidopsis 
 TF 
Chromosome no. and 
co-ordinates 
Medicago 
mutant line 
identified 
Medtr3g109800.2 
 
Medtr4g058970.1 
 
Medtr8g089895.1 
 
Medtr1g073860.1 
 
Medtr1g044155.1 
 
Medtr3g068035.1 
 
Medtr8g036060.1 
 
Medtr3g115620.1 
 
ATHB15 
 
ATHB15 
 
ATHB16 
 
AHL20/ 
AHL25 
AHL20/ 
AHL25 
AHL20/ 
AHL25 
AHL20/ 
AHL25 
WOX13 
chr3:51353736-51359959 
 
chr4:21738748-21744420 
 
chr8:37518358-37521844 
 
chr1:32802741-32804858 
 
chr1:16576895-16579794 
 
chr8:13212033-13213496 
 
chr3:54113534-54116609 
 
chr3:54113534-54116609 
NF5993 
 
NF5999 
 
NF14591 
 
NF8126, 
NF12227 
 
NF19358, 
NF17814, 
NF17813 
NF7335 
NF10935 
NF19167, 
NF21293 
 
5.1.3  Genotypic screening of Tnt1 inserted mutant lines 
identify homozygous and wild-type sibling plants 
 
 Around 15-20 seeds for each of the 31 mutant lines were purchased from 
the Noble Research Foundation, US. All of these Medicago mutant lines were 
grown in the glasshouse after germination. On average 10-15 plants for each 
line germinated and had wild-type level growth in glasshouse conditions. In 
total, around 500 Medicago plants were genotyped to screen for the presence 
of FST amplicons.  PCR-based screening with pairs of gene-specific primers 
(GSP) and Tnt1 primers were used to identify the homozygous and wild-type 
sibling plants for each of the individual lines. Four primer combinations for each 
orthologous genes: GSP-F with Tnt1-F, GSP-F with Tnt1-R, GSP-R with Tnt1-
F, and GSP-R with Tnt1-R was used for screening by following touch-down 
PCR program.  
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All the working gene specific primer sequences used for genotyping and PCR 
conditions are given in Method section 2.5, table 2.5-1 and 2.5-2. 
Genotyping for the presence of Tnt1 inserts and confirmation of the 
homozygosity with PCR has been presented for eight mutant lines in this 
section: NF17115 and NF16461 for Medtr7g11830, NF13921 for 
Medtr5g076960, NF5993 for Medtr3g109800, NF1729 and NF0908 for 
Medtr2g030130, NF5999 for Medtr4g058970 and NF12227 for 
Medtr1g073860.  
Out of the six lines with Tnt1 inserts detected from a pool of 12 plants in 
NF17115, two homozygous lines were identified (Figure 5.1.3-1, B1 & B2). 
Mutant lines with inserts showed the expected size amplification (~1 kb) when 
PCR was performed with the Tnt1-specific and GSP primer pair. Out of these 
six lines with inserts, plants 2 and 11 were confirmed as homozygous plants as 
a WT band could not be amplified. Plants 1, 4, 5 and 9 were confirmed as 
heterozygous because they showed similar amplification with expected product 
size of ~1.5 kb as in the wild-type R108 control (Figure 5.1.3-1, B2). This 
approach of PCR screening and confirmation was used as the method for 
genotyping all the remaining mutant lines.  
From the eight mutant lines presented here, three homozygous plants 
were identified for NF16461 (plant no. 157, 158, 166, Figure 5.1.3-1, C1 & C2); 
one homozygous line for NF13921 (plant no. 25, Figure 5.1.3-2, A1 & A2); four 
homozygous lines for NF5993 (plant no. 95, 100, 107 and 111, Figure 5.1.3-2, 
B1 & B2); two homozygous lines for NF1729 (plant no. 170 and 175, Figure 
5.1.3-3, B1 & B2); two homozygous lines for NF1729 (plant no. 189 and 190, 
Figure 5.1.3-3, C1 & C2); two homozygous lines for NF5999 (plant no. 120 and 
121, Figure 5.1.4-4, A1 & A2). Wild-type siblings (WTS) were also isolated from 
these lines. 
Homozygotes could not be detected in some of the mutant lines 
screened and progenies were found to be all heterozygous with few wild-type 
sibling lines. One example for such a case is presented here for the mutant line 
NF12227. Out of the 7 Tnt1-insert positive plants (plants no. 45, 49, 50, 52, 55, 
56, 61) from 20 plants, all of them were heterozygous lines.   
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From seven lines Tnt1 inserts could not be amplified, thus these were 
identified as WT because they only amplified a control R108/WT sized product 
(~2 kb) (Figure 5.1.4-4, B1 & B2). 
16 mutant lines representing eight Medicago ortholog genes of the ATHB 
and AHL gene family were not genotyped due to time constraints (Figure 5.1.3-
5).  
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Figure 5.1.3-1 Molecular characterisation of mutants in Medicago CCA1 orthologous gene Medtr7g118330. (A) Four insertion sites 
in the Medtr7g118330 genomic sequence. Filled grey boxes with pink borders represent exons while the solid black line represents introns. 
Triangle positions denote Tnt1 insertion sites, as identified from the nBLAST search in the mutant database. Arrow positions indicate the 
site of primer design for qPCR-based quantification. NF stands for Noble Foundation where Tnt1 lines were generated in the WT-R108 
background. (B1) PCR amplification for Tnt inserts with Tnt primer TntFg and CCA1-2-Rp1 in NF17115. Plants 1,2,4,5,9 and 11 harbour 
the NF17115  Tnt1 insertion. (B2) PCR screen for homozygosity with GSP pair CCA1-2-Fp2 and CCA1-2-Rp1 showing plant 2 and 11 as 
homozygous lines with no detection of amplification of the WT band. (C1) PCR amplification for Tnt inserts with Tnt primer TntFg and 
NF16461-Fp1. Plants 154, 155, 157, 158, 159, 163 and 167 harbour the Tnt1 insertion. (C2) Plant 157, 158 and 166 were identified to be 
homozygous lines by testing for the absence of a WT band using GSP pair NF16461-Fp1 and NF16461-Rp1. Plant 161 was found to be 
a WTS (not shown); see Methods, Table 2.5-2 for primer sequences. 
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Figure 5.1.3-2 Molecular characterization of RVE1 Medicago ortholog gene Medtr5g076960 and ATHB15 ortholog 
Metr3g109800. (A) One Tnt-1 insertion (denoted by triangle position) in the Medtr5g076960 genomic sequence. Arrow positions 
indicate the site of primer design for qPCR-based quantification. (B) Three Tnt1-1 insertions in Medtr3g109800. Homozygous 
lines (highlighted with red boxes) were selected for further analysis. (A1) PCR amplification for Tnt inserts with Tnt primer TntFg 
and GSP-Fp1 in NF13921. (A2) Plants 25 putatively confirmed as homozygous line and 18 as WTS. (B1) PCR screen for Tnt 
inserts in NF5993 (B2) Homozygosity confirmation in plant line no. 95, 100, 107 and 111 OF NF5993 with GSPs pair Fp2 and 
Rp1. 
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Figure 5.1.3-3 Molecular characterization of ATHB15 Medicago ortholog gene Medtr2g030130. (A) Three Tnt-1 insertions 
(denoted by triangle position) in the Medtr2g030130 (B1) Tnt insertions confirmation in NF1729 with TntFg and GSP-Fp1 
(B2) Homozygosity confirmation in line 170 and 175 with GSP-Fp1 and GSP-Rp1 in NF13921. (C) Tnt insert confirmation in 
NF0908 with TntFg and GSP-Fp2.  (C2) Homozygosity confirmation in plant line no. 189 and 190 with GSPs pair Fp2 and 
GSP-Rp2 
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Figure 5.1.3-4 Molecular characterization of ATHB15 Medicago ortholog gene Medtr4g058970. (A) One Tnt-1 insertion in 
the Medtr4g058970. (A1) Tnt insertions confirmation in NF5999 with TntFg and GSP-Rp1 (A2) Homozygosity confirmation 
in line 120 and 121 of NF5999. (B) Tnt insertion in Medtr1g073860. (B1) Tnt confirmation with TntFg and GSP-Fp1 (B2) All 
heterozygous lines in NF12227 confirmed with GSP-Fp1 and GSP-Fp2. 
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NF1531
NF1531_1D
AHL20 OrthologsATHB15 Orthologs
Medtr1g079810
NF17277
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Medtr4g098450
NF2932NF20547
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(A)
(B)
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Figure 5.1.3-5 ATHB15, AHL20, AHL25 Medicago ortholog genes with their Tnt 
insertion(s) in their genes. Filled grey boxes with pink borders represent exonic 
region while solid black lines represent intronic regions. The position of the triangle 
denotes the site of Tnt insertions in the gene as identified with nucleotide BLAST 
search from the Medicago mutant database. NF stands for Noble Foundation 
where these Tnt lines were generated in the wild type R108 background. These 
lines were not analysed for PCR screening and qPCR quantification. 
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5.1.4 Relative quantification of mRNA expression in wild-type  
 sibling and homozygous mutants by qPCR 
 
After successful confirmation of Tnt-1 inserts presence and 
homozygosity in 7 M. truncatula mutant lines (NF17115, NF16461, NF13921 
for CCA1 or RVE1 ortholog genes; NF5993, NF1729, NF0908 and NF5999 for 
ATHB15 ortholog genes) by PCR screening, these plants were grown to 
maturity in the glasshouse and seeds were collected. If any WTS plant lines 
were identified from the genotyping, their seeds were also collected. 
Seeds of these homozygous lines, WTS-lines and wild-type R108 as 
control were germinated and grown on Fahraeus media plates (see Methods). 
athb15 mutant line seedlings were grown for 7 days and cca1 and rve1 mutant 
line seedlings for 25 days due to slower growth of these lines. Root samples 
were then harvested and used for mRNA extraction and cDNA synthesis. SYBR 
green dye based quantitative PCR (qPCR) was used to quantify TF gene 
mRNA expression in the transcribed cDNA from the root samples of 
homozygous, wild-type siblings, and R108 (control) Medicago seedlings. 
The expression profile of homozygous lines representing the four 
Medicago orthologous genes Medtr7g11830, Medtr5g076960, Medtr3g109800 
and Medtr4g058970 were investigated with these primers. Target specific 
qPCR primers designed on the exonic region of the orthologous genes were 
tested for efficiency using the calibration curve method (Table 5.1.4-1) and melt 
curve analysis (Figure 5.1.4-1). Two reference genes (b-Tubulin and MtPDF2) 
were used as control genes for normalisation (Kakar et al., 2008); all primers 
sequences are listed in Methods section 2.5-1 and 2.5-2.  
For the Medtr7g11830 CCA1 ortholog gene fold change analysis in the 
mRNA expression between WT-R108 and two homozygous mutant lines (plant 
no 11 and 2) for NF17115 confirmed loss of mRNA expression in all of the 
homozygous lines. Expression of the Medtr7g11830 mRNA was reduced by 3.5 
fold and 7.5 fold in homozygous plant 11 and 2 respectively as compared to 
mRNA from WT-R108 root samples (Figure 5.1.4-2 A).  
In a second (allelic) mutant line (NF16461) for the same CCA1 ortholog 
gene, Medtr7g11830, there was also lower Medtr7g11830 mRNA expression 
in homozygous plant no 157 and 158 (Figure 5.1.4-2 B). One of the 
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homozygous line (Ho158) displayed a FC reduction of 6.6 as compared to WT-
R108. However, the WTS-161 for mutant line NF16461 (Figure 5.1.4-2 B) did 
not display a similar expression profile to that of wild-type R108 plant, and thus 
this result must be treated with some caution. A possible explanation of this 
could be due to the location of the primer design. The same qPCR primer pair 
designed for NF17115 line was used for mRNA quantification of NF16461. 
NF16461 insert lies on the 6th exon while NF17115 insert is in between 2nd and 
3rd exons of Medtr7g11830. Hence, use of these primers for quantification of 
mRNA in the WTS line and homozygous 157 plant for NF16461 (Figure 5.1.4-
2 B) might not have amplified the most informative region.  
  For the NF13921 line carrying a Tnt1 insertion in the RVE1 ortholog 
Medtr5g076960, homozygous plant no. 25 had a strong reduction of 
Medtr5g076960 mRNA expression level as compared to the WT-R108 plant 
(Figure 5.1.4-2 C). The WTS line for this mutant line also displayed reduced 
mRNA expression as compared to WT-R108 (Figure 5.1.4-2 C), thus further 
analysis is of this line is necessary.  
 For Medtr3g109800 gene, representing one ATHB15 ortholog gene, two 
of the homozygous lines for NF5993 showed significant reduction of 
Medtr3g109800 mRNA expression level (Figure 5.1.4-3 A) compared to WT-
R108. A homozygous line for the ATHB15 orthologous gene Medtr4g058970 
(NF5999) was found not to have a significant altered Medtr4g058970 mRNA 
expression level (Figure 5.1.4-3 B) suggesting that the presence of the Tnt1 
insertion does not disrupt gene expression. However, the primer pair designed  
to quantify mRNA of Medtr4g058970 was subsequently found not to span the 
region of the Tnt insert in NF5999 line, thus use of these for the homozygous 
115 and WTS plant lines of NF5999 is possibly unreliable. New primer pairs for 
NF16461 and NF5999 will be designed and optimised as part of future work to 
perform complete validation of these two lines. 
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Table 5.1.4-1: Five Medicago ortholog genes analysed for perturbed mRNA 
expression by quantitative real-time PCR (qPCR). Table shows the efficiency 
of primers designed from the calibration-curve method (data plot not shown) for 
each mutant line; primer efficiency ranges from 1.7-2.1. Two reference house-
keeping genes (b-Tubulin and MtPDF2) used for normalisation as controls are 
also listed. Mutant lines in bold were fully analysed using qPCR. Chr2/3/4 
denotes the chromosome number on which the ortholog genes are located. 
Medicago 
truncatula genes 
Slope log E 
(1/slope) 
 
Primer 
efficiency 
(E)  
Target Medicago 
mutant lines 
b-Tubulin  
Medtr7g089120 
(Kakar et al., 2008) 
MtPDF2 
Medtr6g084690 
(Picard et al., 2013) 
CCA1 
Medtr7g118330  
RVE1 
Medtr5g076960  
ATHB15 on chr2 
Medtr2g030130  
ATHB15 on chr3 
Medtr3g109800  
ATHB15 on chr4 
Medtr4g058970 
3.6376 
 
3.4581 
 
3.6556 
 
3.4907 
 
4.2554 
 
3.6916 
 
3.0623 
0.27490653 
 
0.28917614 
 
0.27355291 
 
0.28647549 
 
0.23499554 
 
0.27088525 
 
0.32655194 
 
1.88324374 
 
1.94614922 
 
1.8773831 
 
1.93408471 
 
1.71789073 
 
1.86588663 
 
2.12105504 
 
- 
 
- 
 
 
NF17115, 
NF16461 
 
NF13921 
 
NF1729, NF0908, 
NF1297 
NF5993 
 
NF5999 
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Figure 5.1.4-1 Melt curve analysis from the real time qPCR assay for the six primer pairs used for mRNA quantification. 
Primers used (see Methods) for amplification reactions for Medtr7g118330 (NF17115-Ho11, Ho2; NF16461-WTS161, Ho157, 
Ho158); Medtr5g076960 (NF13921- WTS18, Ho25); Medtr3g109800 (Ho111, Ho107, Ho95); Medtr4g058970 (Ho115, WTS116); 
coloured lines denote individual reactions. 
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Figure 5.1.4-2: qPCR analysis of CCA1 ortholog Medtr7g11830 and RVE1 
orthologous gene Medtr5g076960. Gene expression in wild-type R108, 
homozygous and WTS lines identified from genotyping were normalised using two 
reference genes, (1) b-Tubulin Medtr7g089120 and (2) MtPDF2 Medtr6g084690. WT- 
wild type, Ho- homozygous, WTS- wild type sibling. Data represent the geometric 
mean of ΔCt, normalised and calculated as described in Methods. Error bars 
represent standard deviations of FC of the mean ΔCt values (n=3). (A) Relative 
mRNA expression of the Medtr7g11830 gene in the mutant lines of NF17115 (WT-
R108, homozygous- Ho11 and Ho2). No WTS was detected in NF17115 lines from 
the genotypic screen. (B) NF16461 (WT-R108, WT sibling, homozygous lines- 
Ho157 and Ho158) (C) Relative mRNA expression of Medtr5g076960 gene in the 
mutant lines of  NF13921 (WT-R108, WTS-18, Ho25). One WTS each was detected 
for NF16461 and NF13921 lines. 
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Figure 5.1.4-3: qPCR analysis of ATHB15 orthologous genes 
Medtr3g109800 and Medtr4g058970. Gene expression in wild-type R108, 
homozygous and WTS lines identified from genotyping were normalised using 
two reference genes, (1) b-Tubulin, Medtr7g089120 and (2) MtPDF2, 
Medtr6g084690. WT- wild type, Ho- homozygous, WTS- wild type sibling. Data 
represent geometric mean of ΔCt, normalised and calculated as described in 
Methods. Error bars represent standard deviations of FC of the mean ΔCt 
values (n=2) (A) Relative mRNA expression of Medtr3g109800 gene in the 
mutant lines of NF5993 (WT-R108, homozygous- Ho111, Ho107 and Ho95). 
No WTS line was detected from the screen of NF5993 mutant population. (B) 
Relative mRNA expression of Medtr4g058970 gene in the mutant line NF5999 
(WT-R108, Ho115, WTS). One WTS line was detected from the genotypic 
screen. 
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5.2 Discussion 
 
In Chapter 5, the Medicago mutant database developed at the Noble 
Research Foundation, USA was used for the search of Medicago truncatula 
mutants. The Medicago truncatula genome is four times larger than the 
Arabidopsis genome and this is the only easily accessible large-scale efficient 
T-DNA transformant collection (Somers et al., 2003; Tadege et al., 2008). The 
Tnt1 mutant population database offered the opportunity for gene 
characterisation and legume functional genomics. 
A BLAST search of the population of high-confidence Tnt1 mutants was 
used based on the flanking sequences of the Tnt-1 insertions, to identify 
Medicago mutant lines disrupted in the orthologous genes. PCR screening in 
the progenies of the mutant lines obtained for CCA1, RVE1, ATHB15 orthologs 
successfully confirmed the presence of Tnt1 inserts using the Tnt1-specific 
primers. The expression of perturbation of circadian associated Medicago 
orthologous genes Medtr7g118330 (CCA1) and Medtr5g076960 (RVE1) was 
confirmed to be perturbed in the homozygous lines.  
Progenies from these homozygous plants can be used for further 
investigation to study the involvement of the circadian system in NCR 
expression during Medicago-rhizobium symbiosis. For example, the 
homozygous lines of NF17115 and NF16461 (for Medtr7g11830) and NF13921 
(for Medtr5g076960) are candidates for further investigation to examine the 
effect of rhizobia and N treatment on NCR expression when circadian TF(s) are 
perturbed. The mutant line NF5993 of the ATHB15 ortholog Medtr3g109800, 
currently annotated as a class III homeodomain leucine zipper protein, is 
another candidate to study since there is a significant loss of Medtr3g109800 
expression in the two homozygous plant lines Ho95 and Ho107.  
A recent ATAC-seq study for comparison of chromatin root profiles in 
four plant species including M. truncatula identified ‘expressologs’ (functional 
homologs) for important genes known to be involved in root development 
(Maher et al., 2018). Their findings implicated possible relocation of the cis-
regulatory elements in the upstream region over evolutionary time but 
stabilisation and conservation of TF(s) regulatory control across species. Their 
data include Medtr3g109800 as an expressolog of root developmental genes. 
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This supports the prioritization of analysing this gene in further work and 
provides a hypothesis, interaction as TF(s) with its binding sites in the NCR 
gene family, for the role of Medtr3g109800 in root developmental responses. 
Overall the molecular characterization of the homozygous mutant lines 
presented in this chapter and confirmation of reduced mRNA expression by 
qPCR in many of them has enabled us to start to analyse the loss of function in 
our TFs of interest. Although phenotypic data is not presented here, preliminary 
phenotypic observation (data not shown) of these homozygous mutant lines 
showed different developmental root response timing. cca1 and rve1 ortholog 
homozygous mutant lines analysed here (NF17115, NF16461 and NF13921) 
needed to be grown for a longer time until there was proper root development 
as compared to WT-R108 and the ATHB15 mutant lines. While 7 day old 
seedlings of R108, A17 and athb15 mutants NF5993 and NF5999 showed 
proper root development (in terms of PR & LR emergence), cca1 and rve1 
homozygous mutant lines analysed in our condition showed reduction in growth 
rate. This was the reason for qPCR mRNA quantification at different growth 
stage for the circadian associated mutants and athb15 mutants. It will be very 
interesting to characterise these mutants in further work to ask if there is a root 
development related phenotype. 
In this work  we have demonstrated the utility of the Tnt Medicago mutant 
population for forward genetics by identifying insertion mutations in the 
orthologous genes of our putative TFs. The circadian and plant development 
related orthologous genes that were identified need to be functionally 
characterized using phenotypic analysis. As part of this the mutant lines should 
be back-crossed to the parental R108 in order to develop single mutant copy 
lines. Cosegregation analysis to remove the extraneous mutations should also 
be performed (as carried out in (Weigel and Glazebrook, 2008)). 
Complementation (using cotyledons for somatic organogenesis and thus rapid 
transformation) may also be useful in cases where we fail to find the alleles by 
evaluating the candidate FSTs of the mutant phenotype (Tadege et al., 2008; 
Zhou et al., 2004). In conclusion, the molecular characterisation of such 
Medicago Tnt mutant lines created an extremely useful resource. 
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Chapter 6: Time course analysis of gene expression to 
ask if NCR genes oscillate in a circadian manner 
 
6.1 Introduction 
 
In chapters 4 and 5, we found that NCR gene clusters had an 
overrepresentation of AGAT/CATTT elements that were target sites for 
circadian TF binding. We had also presented the outcome of a search of 
Medicago truncatula mutant lines generated in the orthologous genes CCA1, 
RVE1 and ATHB15 to be used in molecular characterization. To ask if the 
NCRs could be under circadian control we sought to profile the transcriptome 
of the wild-type A17 Medicago over a 48 hour time period and analyse NCR 
gene family expression.  
Biological circadian clocks are internal time-keepers that have been 
evolved in all forms of organism. Among plant species, most of present 
knowledge of the circadian clock comes from the widely studied non-legume 
model Arabidopsis thaliana  (Song et al., 2010) and limited reports in the non-
IRLC legume Glycine max (Chiasson et al., 2014; Marcolino-Gomes et al., 
2014). Conservation of other photoperiodic genes such as EARLY 
FLOWERING (ELF3, ELF4 and ELF6) and GIGANTEA, GI along with the 
representation of CCA1 and LHY by single sequence have been reported in 
soybean and Medicago truncatula based on an EST comparative (Hecht et al., 
2005). 
Internal biological circadian clocks drive molecular rhythms temporally 
with anticipatory changes in the environment. Till this date, there has not been 
a comprehensive study of circadian control in N-fixing nodules (Chiasson et al., 
2014). In this context, we propose that with the conserved CCA1 and RVE1 
binding site present in the NCR promoters, a nodule circadian component from 
the host plant could be involved to enable coordinated regulation of rhizobial 
colonisation and responses external N availability.  
We hypothesised that circadian control in a nodule will be similar to that 
of roots (James et al., 2008) but under the influence of N and rhizobia. To test 
our hypothesis for a ‘nodule circadian clock’, we generated a transcriptomic 
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time-series data of nodulating Medicago truncatula roots to study the regulation 
of NCR expression under the combinatorial effect of nitrogen status and 
rhizobia. A preliminary analysis of the transcriptome is presented here. 
 
 
Figure 6.1: A proposed model for the regulation of the NCR gene expression 
by circadian clock and plant development proteins. As rhizobial entry at low N 
conditions leads to nodulation, NCR gene expression could be under 
transcription factor control to maintain a symbiotic rhizobium balance in host 
nodules. Black dotted arrows represent the downstream activity that can 
influence the level of rhizobium symbiosis and subsequent root architecture 
development under the host controlled and tight regulation of these TF(s)-NCR 
promoters. 
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6.1.2 Expression pattern of NCR genes with degenerate 
circadian CCA1 or RVE1 motif binding sites  
 
To evaluate the existence of circadian regulation in normal day-night 
cycling growth conditions, nodulating seedlings (4 day old rhizobia-inoculated) 
of Medicago truncatula wild-type A17 were grown at 16 hours day and 8 hours 
light cycles (Figure 6.1.2-1). We chose a time point of 7 dpi for nitrogen 
treatment at deplete (0.1 mM) and replete N (5 mM) concentrations because 
previous findings reported that full activation of the NCR transcriptome takes 
place at 6 dpi to 10 dpi (Guefrachi et al., 2014). 
 
 
Figure 6.1.2-1: Overview of the experimental approach for the Medicago 
wild type A17 plant time-series from 0-48hours. Medicago A17 plants were 
grown in deplete N conditions. Sinorhizobium meliloti Sm1021 was then 
inoculated on 4 d old seedlings. 7 dpi plants were then transferred to deplete 
(0.1 mM) nitrogen and replete (5 mM) nitrogen conditions. The sampling interval 
of roots for RNA extraction was 4 hours for a period of 0-48 hours in both 
deplete and replete nitrogen conditions. All the plants were grown at 16 hours 
light and 8 hours dark in 25 °C conditions. For the root architecture studies (data 
not shown) plant growth was continued in deplete or replete N condition for 15 
more days. 
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Nodulating roots were sampled for mRNA extraction with an interval of 
every 4 hours until 48 hours for both deplete and replete N conditions. The 
experimental approach for the time-series transcriptomic analyses is given in 
Figure 6.1.2-1. Samples were analysed using microarray hybridization, with 
data normalized (see Methods).  
Our preliminary results from the transcriptomic analyses focused only on 
the expression of the 185 NCRs found to be expressed in previous chapters. 
Before examining their expression, the promoter region of all the 185 NCRs [-
1,-500] was scanned for the presence of circadian CCA1 or RVE1 motif sites 
using FIMO (see Methods). There were 92 NCRs that contained a single CCA1 
or RVE1 motifs with degenerate binding sites, and 41 NCRs that contained 
multiple motif sites. 52 NCRs were found with no motif sites of CCA1 or RVE1 
TF(s), however these NCRs contained other motif combinations that we 
described in Chapter 4. The expression pattern of the 133 NCRs that had single 
or multiple motif binding sites for CCA1 and RVE1 was then plotted over time 
(Figure 6.1.2-2).  
 All NCRs, irrespective of whether a single or multiple motif sites were 
present, showed variation in the gene expression pattern over a period of 48 
hours in both deplete and replete N conditions (Figure 6.1.2-2). NCRs in deplete 
N conditions demonstrated a wide variation of expression levels but all 
appeared to have some oscillatory variation (Figure 6.1.2-2, C and D). In N 
replete conditions, NCRs exhibited reduced variation or damping in the 
expression level towards the end of the 48 hour period, relative to their 
expression at 0 hour (Figure 6.1.2-2, A and B). Such an expression pattern was 
not overserved in the N deplete conditions.
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Figure 6.1.2-2: Expression pattern of NCR promoter genes from the A17 time series transcriptomic data. Unfilled 
rectangle box below X-axes represent 16 hours of light and the grey solid box represent 8 hours of dark. Red curve in the 
middle represents the average gene expression of the NCR genes. Time points in hours; L0-L48 at deplete N (0.1 mM) 
conditions; H0-H48 time points at replete N (5 mM). CCA1-TFBS: CCA1 transcription factor binding sites. (A) NCR 
promoters with single motif sites, replete N. (B) NCR promoters with multiple motif sites, replete N. (C) NCR promoters 
with single motif sites, deplete N. (B) NCR promoters with multiple motif sites, deplete N.  
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6.1.3 Expression pattern of NCR genes with core AGATATTT 
element 
 
To further investigate any expression pattern due to interaction of 
nitrogen, CCA1 and RVE1 with the NCR promoters that contained the core and 
exact AGATATTT binding element, we sought to evaluate the expression of 15 
NCRs that contained this element in N deplete and replete conditions. An 
overview of the expression of these 15 NCRs for every 4 hour interval can be 
seen in Figure 6.1.3-1. 
All of the NCRs with the AGATATTT element in their promoters showed 
expression variation from 0 to 48 hours in both deplete and replete N conditions. 
However, NCRs in deplete N seemed not follow any particular expression 
pattern (Figure 6.1.3-1 A) or exhibit correlation with the expression pattern of 
Medicago CCA1/LHY (Medtr7g118330) or RVE1 (Medtr5g076960) genes. In N 
replete conditions there was a different expression pattern. A peak expression 
of RVE1 ortholog Medtr5g076960 was very similar to the peak point of CCA1 
ortholog Medtr7g118330 just before dawn at 20 hours. While M. truncatula 
circadian ortholog genes Medtr7g118330 and Medtr5g076960 did not show any 
damping towards the end of the time series, the15 NCRs with AGATATTT 
element in N repletion did dampen (Figure 6.1.3-1 B), as observed earlier 
(Figure 6.1.2-2 A, B). 
The expression profile of 15 NCRs with AGATATTT element was 
compared with 52 NCRs with no CCA1 or RVE1 motif sites. However, these 52 
NCRs without CCA1 or RVE1 motif sites contained one or the other 5 motifs 
we presented earlier (Figure 6.1.3-2). Surprisingly, all of these NCRs also 
showed expression variation over time (Figure 6.1.3-2) but with opposite 
expression response in N depletion (Figure 6.1.3-2, A,C) and repletion (Figure 
6.1.3-2, B, D) 
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Figure 6.1.3-2: Expression pattern of 15 NCR genes with no CCA1and RVE1 binding sites AGATATTT. As well as the NCRs 
(grey lines), expression of RVE1 ortholog (Medtr5g076960) and CCA1 ortholog (Medtr7g118330) are denoted by red and blue lines 
respectively. Unfilled rectangle box below X-axes represent 16 hours of light and grey solid box represent 8 hours of dark. (A) L0-
L48 represent time points in hours at deplete N (0.1 mM) conditions. (B) H0-H48 represent time points in hours at replete N (5 mM). 
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6.2 Discussion 
 
Nearly all stages of plant development and growth metabolism are under 
the regulation of light and the clock (de Montaigu et al., 2010; López-Juez and 
Devlin, 2008; Yakir et al., 2007). The endogenous circadian clock regulates 
various processes, from photoperiodic control of flowering (Shim et al., 2017; 
Song et al., 2010), defense response against biotic attack (Hevia et al., 2015; 
Wang et al., 2011), nutrient acquisition for plant homeostasis (Haydon et al., 
2015) to chromatin changes (Nakahata et al., 2007; Ripperger and Merrow, 
2011). It is therefore possible that under the natural growth conditions of day 
and night cycles, the circadian rhythm regulates nodulation and nitrogen 
fixation in legumes. 
Early studies using acetylene reduction assays have been used to show 
the diurnal changes in N fixation (Minchin and Pate, 1974). However, with only 
a few studies on soybean and phaseolus (common bean) that have suggested 
the possible existence of a nodule circadian clock, the importance of circadian 
rhythms in the control of the rhizobium-legume symbiosis in Medicago is not 
known. It does however seem likely that, if gene expression in the root is under 
circadian control, then gene expression in nodules would also be so, since 
nodule growth, symbiotic N fixation and N assimilation by legumes are all tightly 
linked to photosynthate C allocation from the plant.  
In a study on soybean, SAT1 (Symbiotic Ammonium Transporter 1) was 
shown to encode a basic helix loop TF with nocturnal expression that was linked 
to circadian clock genes and important for nodule growth and NH4 transport 
(Chiasson et al., 2014). However, the likely existence of nodule circadian clock 
still remains a complex hypothesis to be proven. While this investigation put 
special emphasis for the regulation of NCRs under circadian control, the role of 
endogenous phyohormone signalling such as from cytokinin and auxin  (Frugier 
et al., 2008) is also likely to have a strong regulatory effect and should be 
investigated in future work.  
In order to ask if the NCRs were under putative circadian control, their 
expression was analysed over a time series. NCRs with CCA1/RVE1-binding 
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sites in their promoters were found to oscillate over time. However, NCRs 
lacking these motifs were similarly found to oscillate, not supporting the 
nodulation clock hypothesis. Yet, the over-representation of CCA1 and RVE1 
binding sites on NCR promoters is puzzling. It could be that the expression of 
all NCRs is under circadian control, but only some are directly regulated (those 
with the CCA1/RVE1 motif). Further work is needed here to explore the 
hypotheses, including complete analyses of the time series transcriptome 
dataset, analysis of the NCRs over time in continuous light, and analysis of 
NCR expression in the cca1 and rve1 mutant lines that this thesis has isolated.  
Following the use of time series analyses of nodulation at varying levels 
of N to identify the interaction of NCR genes and circadian clock TFs such as 
CCA1/RVE1 and ATHB15, these should be investigated with biochemical 
methods. A yeast-1-hybrid assay, electrophoretic mobility shift assay (EMSA) 
or high throughput ChIP-sequencing to map the TF protein DNA interaction 
would be very informative.  
NimbleGen microarray probes do not cover all the Medicago genes in 
the recently annotated genome, thus, to generate complete transcriptomic 
information, RNA-seq should be performed. Expression of NCR genes in 
Medicago clock mutants under constant light or dark conditions could also be 
studied to examine arrhythmic expression or phase shift in the circadian cycle. 
This work presents a preliminary analysis that has hypothesised a nodule 
circadian system under the regulatory control of NCR gene expression driven 
by the presence of CCA1/RVE1 binding sites.  
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Chapter 7: General Discussion and Future 
perspectives 
 
Nitrate as a signal molecule regulates plant growth, development, 
metabolism and gene expression changes (Ruffel et al., 2008, Vidal and 
Gutiérrez, 2008, Bouguyon et al., 2012). Responses to available nitrogen status 
occur at the cellular level and are tissue specific. These localised responses in 
combination lead to systemic regulation of metabolic, physiological and 
developmental processes that alter plant root system architecture (RSA). 
However, despite the major advances made to understand local and systemic 
regulation of N, the full extent of the of NO3– signalling pathway is still unknown. 
In legumes, RSA is also affected by the formation of nodules during plant-
rhizobia interactions. While most of the nitrogen uptake and assimilation 
machinery has been widely studied in Arabidopsis, the regulatory mechanism 
underlying the uncoupling of NO3– assimilation and nodule specific activity in 
legumes have not been fully investigated and controversial (Cabeza et al., 
2014). To address this, investigation of the underlying mechanisms of nitrate 
effects on nodules in legume RSA is crucial. 
 
7.1 Systems biology approach in M. truncatula interaction with 
N and rhizobia 
Nitrate strongly inhibits legume nodule formation (Ferguson et al., 2010) 
as well as the activity of existing nodules (Vessey and Waterer, 1992). For 
example, nodules start to senescece within a  few days  of nitrate exposure 
(Matamoros et al., 1999). The molecular mechanism of how NO3– inhibits 
nodule formation has been reported to resemble that of autoregulation of 
nodulation (Reid et al., 2011). However, the exact mechanism of nitrate-
induced inhibition remains poorly understood, although this could be a policing 
mechanism to limit the nodule formation under conditions with sufficient nitrate 
availability. Such nitrate-dependent regulation of nodule formation is illustrated 
by the existence of mutants that hypernodulate even in the presence of high 
nitrate levels. This indicates that nitrate is not the inhibiting factor itself, but that 
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it could lead to long distance signaling and suppression of nodule activity 
(Searle et al., 2003). 
Using a systems biology approach we utilised the Medicago truncatula 
autoregulation of nodulation mutant sunn-1 (disrupted in long-distance 
signalling AON) and A17 wild-type to investigate root architecture studies 
during nodulation. We integrated our root phenotypic studies with microarray 
expression profiling to investigate the effect of rhizobium and N in M. truncatula.  
In this study we focused on how LR development and nodule formation were 
balanced in M. truncatula according to the external N level. This enabled us to 
study the effect of rhizobia and nitrate levels (deplete or replete) in the 
development of Medicago root system architecture. 
Our phenotypic data showed that both A17 and sunn-1 were found to 
have a shorter primary root length when inoculated with rhizobium, independent 
of N availability. Both the genotypes A17 and sunn-1 were demonstrated to  
show different N-status-dependent phenotypic responses when seedlings were 
inoculated with rhizobium. This response was more enhanced in sunn-1 at 
replete N with a significantly (P<0.05) higher number of nodules and LRs than 
A17 whether rhizobia is present or absent. The hypernodulant sunn-1 with more 
number of LR development but shorter LR length at deplete N indicates that 
AON pathway components could be involved in balancing LR development. 
This is in line with the from the previous studies that AON pathway genes could 
be candidates for regulating LR development in response to N (Jin et al., 2012). 
Hence, our result indicate a complex regulatory balance between nodule 
development and RSA , with N and rhizobium inoculation to have a partially 
additive effect.  
To study this N-dependent balance between LR and nodule 
development, microarray expression profiling was performed in A17 and sunn-
1. The microarray experiment enabled us to identify the underlying genes 
observed in our phenotypic studies that control root architecture response to N 
and rhizobia. Out of the 6,910 genes identified as differentially expressed on 
our microarray expression data, rhizobia-regulated responses were stronger in 
both A17 and sunn-1 (FC > 1.5 and FC < -1.5) irrespective of  N status (Figure 
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3.1.3 A, B). However, sunn-1 showed more number of rhizobia-responsive 
genes than in A17 (FC > 1.5 and FC < -1.5) at N repletion (Figure 3.1.3 B). 
From the hierarchical clustering of the transcriptome, three major 
distinctive clusters (4, 6 and 9) have been shown with the largest number of 
DEGs. Cluster 4 represented genes were involved mainly in the nodulation 
pathway, showing a rhizobia effect. Cluster 6 comprised N-related genes that 
had an N effect, while cluster 9 represented a genotype effect related to sunn-
1.  Out of these three clusters, we have presented cluster 4 which includes NCR 
gene family of Medicago in more detail. In contrast to the findings of NCR gene 
expression only in symbiotic nodules (Guefrachi et al., 2014), our microarray 
data revealed NCR gene expression in roots and roots in early stages of 
nodulation, with NCRs being expressed alongside nodulation regulatory genes,   
This enabled to identify candidate genes that control the responses and 
cross talk between N and rhizobium in M. truncatula roots symbiosis. Such 
analysis of the regulatory genes and processes provides a better understanding 
of how legumes can balance N uptake, assimilation, LRs development during 
the nodulation symbiosis. This suggests a tight coregulation of LR development 
and nodule formation,  
 
7.2 Transcription factor identification from the promoter 
analysis and motif conservation 
To explore the gene regulatory pathways that could underlie the possible 
co-regulatory balance of LR development and nodule formation, we analysed 
the promoter region. Use of MEME motif searching in the differential expression 
groups of N and rhizobia responsive gene promoters led to the identification of 
conserved motif sites (TCATGAAAGGTT, TATAAAGTGATCA, 
CAACACATTGAT, AGAGACATTTAA, TTTTACAACTCC). From the multiple 
sequence analysis we revealed the landscape, homology and conservation of 
these motifs in a representative NCR promoter. This work implicated significant 
motifs as PSSMs that could serve as putative cis-regulatory binding sites for 
TF(s) to regulate NCR gene expression of Medicago. 
This work presents a preliminary hypothesis that the nodule circadian 
system controls NCR genes via the presence of CCA1/RVE1 motif sites in their 
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promoters. The CCA1/RVE1 binding sites are overrepresented in the NCR 
promoters and the presence of the core GATA element is likely to enable 
circadian regulation. GATA transcription factors bind to a consensus DNA 
sequence (A/T)GATA(A/G) and are involved in circadian- regulated gene 
expression and N metabolism (Manfield et al., 2007; Reyes et al., 2004). In 
Arabidopsis several GATA transcription factor proteins are found to interact with 
cis-acting elements of light responsive promoter genes (Jeong and Shih, 2003; 
Teakle et al., 2002). Finding of these GATA cis-elements in promoters of NCR 
genes that have highly nodule-specific expression (Guefrachi et al., 2014), are 
in line with the findings from (Zhang et al., 2015) in which real-time PCR profiling 
of soybean TF gene GmGATA revealed its tissue specific expression in stem, 
young leaf, flower including roots.  
 Another possible influence of the core GATA cis-element on the CCA1 
motif AGAGA(C/T)ATTTAA could be related to the nitrogen fixation function 
Medicago root nodule and N metabolism. GATA transcription factors have been 
implicated in controlling the N metabolism pathway in Arabidopsis and rice 
(Reyes et al., 2004) and in fungi Neurospora crassa (Fu and Marzluf, 1990). 
Several studies in Arabidopsis have identified GATA motifs in the regulatory 
region of nitrate assimilation genes (Oliveira and Coruzzi, 1999; Rastogi et al., 
1997). 
 Given the NCR gene sequence diversity, our findings of just 27 NCR 
gene promoters with the core GATA element are in contrast to the wide 
distribution of GATA motifs in the target promoter sequence from a study in 
soybean (Zhang et al., 2015). Aside from circadian regulation and N 
metabolism, it should be noted that GATA motifs also enable regulation of plant 
development (Shikata et al., 2004; Zhao et al., 2004). Thus, our identification 
of NCR promoters with conserved CCA1 motifs containing the core GATA 
element supports the multiple reports of GATA motifs in other plants. GATA 
motifs have also been reported in other legumes including soybean  (Zhang et 
al., 2015) and Medicago sativa (a close relative of M. truncatula) (Fugate et al., 
2014). As such our findings of CCA1 and GATA motifs in NCR family promoters 
in Medicago represent a novel finding to add to the current knowledge of GATA 
factor family. 
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 In this work, putative TF ortholog genes in Medicago were identified that 
could act as potential binders to the de novo discovered conserved sites in NCR 
promoters. Based on orthology analysis, the plant developmental protein 
ATHB15/ATHB16 that we found as putative TF binders are other candidates to 
support the role of NCR gene family beyond plant defense antimicrobial. 
ATHB15 has been demonstrated to be involved in vascular development 
through miR166-mediated ATHB15 mRNA regulation (Kim et al., 2005). In 
Arabidopsis, ATHB15 has been shown to be involved in procambial function of 
leaves and roots, and is an important transcriptional regulator responsible for 
early vascular development (Ohashi-Ito and Fukuda, 2003). 
Mutagenised populations serve as an indispensable resources and 
mutant utillisation has been a useful approach for gene functional studies 
through forward and reverse genetics (Bolon et al., 2011; Wu et al., 2005). 
Aside from transcriptomic investigation, by screening and isolation of the 
mutants from the Tnt population of NF17115, NF16461, NF13921, NF5993, 
NF5999 and NF0908, we have shown the utility of the Medicago Tnt mutant. 
The resources utilised in the mutant analyses will provide the basis for future 
screening of genes of interest from the Tnt Medicago mutant population. For 
example, progenies from the homozygous mutant line NF17115, NF13921 and 
NF5993 can be used for further gene function studies. These mutant 
characterisation studies will support to establish additional roles of NCR gene 
family and its possible regulation under circadian control. If confirmation of the 
loss of gene function in Medtr3g109800 is confirmed, the NF5993 homozygous 
line will be a promising candidate to analyse in more detail to investigate the 
interaction between nodule development and root development.    
Another line of study is the comparative phenotypic characterisation of 
cca1, rve1 and athb15 mutant plants. As highlighted in Chapter 5, our 
preliminary phenotypic observation (data not shown) of these homozygous 
mutant lines showed different root development and growth timing with cca1 
and rve1 putative mutant lines NF17115, NF16461 and NF13921 showing 
longer time requirement of > 2 weeks for complete root development, compared 
to  WT-R108, WT-A127 and athb15 mutant lines that only took 7 days. cca1 
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and rve1 homozygous mutant lines analysed under the same growth conditions 
(16 hrs light 8 hrs dark, at 25ºC) also showed a reduction in growth rate. 
Molecular characterisation was performed in the Medicago mutant 
population developed by Tnt retrotransposon insertions. Multiple insertions 
copies of Tnt1 can present each line (Tadege et al., 2008) despite its stability 
from seed to seed (d'Erfurth et al., 2003). This necessitates removal of the 
extraneous alleles that arose from random insertions in gene coding region 
(Tadege et al., 2008) via back-crossing. Nevertheless, as future line of work to 
make use of Medicago mutants generated by the fast neutron bombardment 
method, our Medicago gene query sequence used for BLAST search can be 
revised. This is because the FNB probe sequence in the FNB mutant database 
was found to be very short. This could suggest that the same query sequence 
used for Tnt mutant search was not applicable for FNB mutant search. 
The IRLC legume clade including Medicago truncatula, Pisum sativum 
and Vicia faba form indeterminate nodules when housing symbiotic rhizobium 
bacteria. Bacteroid differentiation inside the symbiotic nodule cells in such IRLC 
clade has so far been reported to be controlled by a large class of cysteine rich 
peptides, NCRs. A notable feature of the NCR family in Medicago truncatula is 
that it is very large, comprising about 600 genes whose expression is specific 
to nodules only (Mergaert et al., 2003; Nallu et al., 2013). 
 Classification of NCRs has been reported to be difficult due to the highly 
diverse amino acid sequences of genes in the family (Nallu et al., 2014). A 
previous hypothesis suggested that they could have evolved from defensin like 
anti-microbial peptides, regulating the endo-symbiotic bacteria to undergo 
terminal differentiation and thereby controlling symbiotic efficiency (Farkas et 
al., 2014; Kereszt et al., 2011; Van de Velde et al., 2010). However, our and 
other transcriptome analyses have shown that NCRs have distinct spatio-
temporal profile with NCR genes expressed in successive waves at different 
nodule zones, not simply consistent with a defensin-like role (Guefrachi et al., 
2014; Roux et al., 2014). 
Studies on cysteine rich peptides indicated that they can also function 
as signalling peptides regulating the root developmental pathway (Marshall et 
al., 2011). Recent findings (Wang et al., 2017; Yang et al., 2017) have also 
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speculated the existence of a dual nature for NCRs, possessing both pro-
symbiotic and anti-symbiotic properties. This is based on the evidence that 
NITROGEN FIXATION SPECIFICITY (NSF) genes NSF1 and NSF2 encode 
for NCRs that functions as negative regulator of symbiotic efficiency. Therefore, 
there is accumulating evidence that the NCRs have additional roles beyond just 
an anti-microbial function. This is in line with the presence of putative ATHB 
and circadian clock CCA1/RVE1 transcription factor binding sites on NCR 
promoters that can possibly regulate NCR gene expression. The presence of 
the highly conserved 4-6 cysteine residues in the NCRs is another interesting 
feature that has not been fully explored. 
 Diverse spatio-temporal expression profiles (Nallu et al., 2014), high 
specificity across nodules  (Mergaert et al., 2003; Nallu et al., 2013), amino acid 
sequence variation leading to varying isoelectric points from 3.2 to 11.25 
(Kondorosi et al., 2013), and the presence of cysteine rich residues that can act 
in signalling pathways (Marshall et al., 2011) all point towards the ability of 
NCRs to play diverse roles as the family expanded. This work has shown that 
the Nodule Cysteine rich peptides could have a role in controlling the regulation 
of nodule development under different N levels and with regulatory input from 
the circadian system.  
 
7.3 Circadian rhythm of NCR gene family and symbiosis 
 Aside from the TF Medicago orthologs that we found, we have started to 
ask if NCRs oscillate over time under the possible control of CCA1 and RVE1 
transcription factors. Our time-series transcriptomic data in deplete (0.1 mM, N) 
and replete (5 mM, N) aimed to investigate NCR regulation under the 
combinatorial action of circadian rhythm and N level.  
 The existence of a nodule expressed circadian clock was proposed from 
transcriptomic profiling of soybean GmbHLHm1 (Chiasson et al., 2014) and 
common bean (Dalla Via et al., 2015). Transcriptomic changes were also 
studied in the interaction between soybean-Bradyrhizobium japonicum 
(Chiasson et al., 2014) and Phaseolus-Rhizobium etli (Dalla Via et al., 2015). 
Hence, it would be very interesting to ask if there is any circadian-N regulation 
in these plant-mutualist systems. 
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It is known that circadian rhythms play a crucial role in anticipation of 
environmental changes, thereby affecting development and stress responses. 
Many genes have been found to be clock-regulated (Harmer, 2009; Michael 
and McClung, 2003; Pruneda-Paz and Kay, 2010). Yet, the integration of over-
ground signals to the root by clock has not been well defined. How the circadian 
system in roots are adjusted after rhizobium entry and for nodule 
organogenesis poses a challenging investigation for which this work offers 
some novel insights. 
 Nitrogen fixation in legumes has been demonstrated to be light and 
temperature responsive under the cycles of day/night. For example, red light 
was shown to have no effect on rhizobial growth, while blue light was found to  
inhibit nodulation in Lotus japonicus roots that were inoculated with 
Mesorhizobium loti (Shimomura et al., 2016). However, the interaction between 
circadian rhythms and symbiosis have not been fully explored.  
 In Chapter 6, we found that NCRs in deplete N conditions demonstrated 
a wide variation of expression levels as compared to replete N but all appeared 
to have some oscillatory variation (Figure 6.1.2-2, C and D). In N replete 
conditions, NCRs expression showed damping towards the end of the 48 hour 
period, relative to their expression at 0 hour (Figure 6.1.2-2, A and B). All of the 
NCRs with or without AGATATTT element in their promoters showed 
expression variation from 0 to 48 hours in both deplete and replete N conditions. 
However, expression response in N depletion (Figure 6.1.3-2, A,C) and 
repletion (Figure 6.1.3-2, B, D) was opposite. 
This observation could be related with the complex defense responses 
in host plants that are tightly linked with the life cycles of biotrophic pathogens. 
Such two way signaling between host plants and microbes is finely modulated 
by the day/night cycle. Hence, the host-microbe interaction may be dictated by 
the circadian clock of host. In plants, this link has been studied in Arabidopsis 
defense responses against Hyaloperonospora arabidopsidis (Wang et al., 
2011) and Pseudomonas syringae (Bhardwaj et al., 2011). Host-plant roots 
must differentiate symbiont partner from pathogen (Oldroyd, 2013), to form 
successful nodules and the control of bacteroid population is likely to be linked 
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to the day/night cycle. Further analyses of our transcriptome data could reveal 
a circadian-symbiosis interplay in a host plant-controlled mechanism. 
A model of circadian clock control of plant innate immunity has been 
based on circadian-regulation of defense gene expression. Although all of the 
NCR targets are till date unknown, some NCRs (such as NCR247 and 
NCR211) functional association targeting bacteria in symbiotic cells have been 
shown (Kim et al., 2015; Penterman et al., 2014; Tiricz et al., 2013). This is in 
line with previous reports of NCRs having a resemblance to defensin type 
antimicrobial peptides (Nallu et al., 2013) that are a part of the plant innate 
immune response (Maroti et al., 2011). Collectively, these findings on just a few 
NCRs, suggesting a role in host immune responses, in combination the putative 
presence of CCA1 binding sites in NCR promoters lead to the hypothesis that 
there is circadian regulation to time the immune suppression, enabling 
successful symbiosis. 
While circadian rhythms have so far been well-described in host plants 
including Arabidopsis, the circadian effect on rhizosphere community has been 
less well studied. The bacterial community in the soil, including 
Burkholderiaceae, Rhodospirillaceae, Planctomycetaceae and Gaiellaceae 
have been reported to fluctuate and respond to circadian rhythms that in turn 
exert influences on/by the host plant (Staley et al., 2017). Hence, such findings 
indicate another interesting future perspective to investigate the legume-
rhizobium symbiosis under the circadian control with the inoculation of different 
rhizobial strains. 
Whether a nodulation circadian clock exists or not still poses a 
challenging hypothesis to prove. In our study we have hypothesized that it could 
be similar to the clock in roots and that N fixation in legume-symbiosis could be 
circadian-regulated due to the enrichment of CCA1/RVE1 binding sites on 
nodule-specific gene family, NCRs. Our result in Chapter 6 presented the 
preliminary transcriptomic time series data of NCR gene family with AGATATT 
and core GATA motif.  However, the regulatory effect of phytohormones, 
especially auxin and cytokinin for circadian regulation, nodule organogenesis 
and root development in addition cannot be understated. The circadian clock 
has been linked to the global regulation of endogenous auxin signaling 
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(Covington et al., 2008)., altered cytokinin response affects the circadian 
oscillations in Arabidopsis (Zheng et al., 2006) and there is a direct link of 
cytokinin to nodule organogenesis in Medicago (Ariel et al., 2012). This 
highlights the importance of investigation to study the effect of phytohormonal 
signalling in nodule circadian system. 
In symbiotic relationships, the association between plant and symbiont 
microbe is highly balanced and host plants seem to control the degree of 
colonisation. Mutualistic symbionts, just like pathogens, have been shown in 
various studies to activate immune response in host plants upon perception 
(Bonfante and Genre, 2010; Cao et al., 2017). For successful symbiosis 
benefitting both the partners, the symbiont microbe escapes or evades the host 
surveillance mechanism of immune response to successfully establish efficient 
symbiosis (Liu et al., 2018; Navarro et al., 2008; Schafer et al., 2009).  
In addition, the role of phytohormones in promoting nodule development 
and symbiosis is well known. For example, cytokinin (Heckmann et al., 2011; 
Reid et al., 2016), strigolactones (Breakspear et al., 2014; De Cuyper et al., 
2015) and local accumulation of auxin (Roy et al., 2017; Suzaki et al., 2012) not 
only exert a positive role by promoting nodule organogenesis but also regulate 
gene expression in Medicago nodules. Apart from the positive regulation, other 
phytohormones such as ethylene (Oldroyd et al., 2001), abscisic (Ding et al., 
2008) and gibberellic acid (Ferguson et al., 2005) exert negative regulation of 
infection thread formation and nodule development. Hence, the critical role of 
phytohormones in nodule organogenesis and thier spatio-temporal regulation 
in root nodules are important to investigate in the light of cross-talk with 
circadian rhythm. 
Despite the studies on phytohormonal regulation of root nodule 
symbiosis, we still lack insight into the molecular mechanisms that underlie the 
complex cross-talk between nodule development and spatio-temporal 
expression of nodule specific genes. If phytohormonal effects can be 
considered with further investigation of nodule circadian rhythms, such studies 
will provide a better understanding of how circadian regulation interacts with 
auxins, cytokinin and ABA to regulate the timing of nodulation and expression 
of nodule specific genes.  
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Another important aspect of rhythmic metabolism in plant circadian 
system is the clock coordination of carbon metabolism. Interestingly, carbon 
metabolism and mobilisation of photosynthates that drives plant development 
are clock-controlled. This has been well-studied in Arabidopsis roots where the 
circadian clock is set by sucrose, a photosynthesis-related signal that leads to 
altered root rhythmicity (James et  al., 2008). (Haydon et al., 2013) reported 
that sucrose levels peak in the morning as a ‘metabolic dawn’ due to decreased 
PRR7 (pseudo response regulator 7) expression, which in turn represses CCA1 
transcription to set the clock. Thus the circadian clock has a dual interaction in 
regulating and being regulated by carbon metabolism to adjust clock output and 
modulate plant growth. While such interactions have been widely studied in 
Arabidopsis, clock genes appear to be conserved across species, including 
legumes. The possible circadian regulatory effect on nodule organogenesis, 
rhizobium symbiosis via the overrepresentation of CCA1 binding sites in 
promoters of the nodule specific NCR gene family is an interesting specific 
example of this conservation. 
Related to this, N fixation in root nodules in exchange for photosynthate 
carbon is a costly process for the legume plants. As such, carbon requirements 
become higher for atmospheric N2 fixation and to prevent C loss, host legumes 
can discriminate against ineffective rhizobial strains with inefficient nitrogen 
fixation, by two mechanisms; partner choice or sanctions (Heath and Tiffin, 
2009). This indicates that the host legume can distinguish N fixation levels 
and accordingly allocate photosynthate C to individual nodules. This 
regulation of resource allocation was best exemplified from a study whereby 
severity of sanction response was increased depending on external nitrate 
availability (Kiers et al., 2003). However, the mechanism of when legume 
recognises inefficient rhizobia in the nodule and when sanction occurs remain 
largely elusive.  
It has been demonstrated that differentiated bacteroids in root nodule 
confer net benefits to the host legume due to their more efficient nitrogen 
fixation, as compared to non-differentiated bacteroids (Oono and Denison, 
2010; Oono et al., 2010). Medicago truncatula with indeterminate root nodule 
type accommodates such differentiated bacteroids, indicating a higher return 
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of fixed N at the expense of C allocation for nodule formation. In conjunction 
with this, NCRs controlling discrimination against incompatible 
microsymbionts  (Yang et al., 2017) and NCR mediation to optimise bacteroid 
over proliferation and N fixation process (Van de Velde et al., 2010) have both 
been found. Taken together with the presence of CCA1 binding sites in NCR 
promoter regions, it is therefore possible that NCRs may have additional roles 
in facilitating efficient N fixation which involve C allocation, under the regulation 
of circadian system.  
As highlighted earlier, evidence for clock regulation of phytohormones  
and metabolites is accumulating. A prominent feature of clock regulation of 
metabolites is the mechanism that the circadian clock regulates C and N 
metabolism depending on their metabolite status, and in turn the metabolites 
themselves can act as inputs for the clock (McClung and Gutierrez, 2010). More 
recently, NCRs have also been demonstrated to exhibit functions enabling 
symbiont membrane permeability for metabolite exchange (Mergaert et al., 
2017). This indicates that the host legume metabolic network and rhizobium are 
perhaps interlinked for metabolite exchange to fulfil the diverse functions of 
cysteine rich peptides such as NCRs. In line with our study, significant 
enrichment of the CCA1 binding sites on NCR promoter region provides an 
intriguing premise to investigate how the circadian clock can co-ordinate the 
large and nodule-specific NCR gene family. Emerging data shows that 
circadian clock also functions to enhances survival and biomass accumulation 
(Dodd et al., 2005; Green et al., 2002). With such evidence, the study of 
CCA1/LHY interactions with Medicago NCR genes can yield insights into 
regulatory effects on fitness, symbiotic performance and nodule growth. 
Determining how the master clock components such as CCA1 control 
their targets and output in a tissue specific manner by integrating metabolite, 
phytohormonal pathway, external nutrient availability and environmental cues 
from microbes enable understanding of how biological rhythms underpin 
growth, fitness and symbiosis. As such, systems approaches with genome-
wide investigation to study transcriptome dynamics and gene expression levels 
such as microarray, NGS technologies and metabolomics will continue to serve 
as crucial means to characterise circadian system. However, detailed 
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information on physical and regulatory interactions is necessary for a better 
understanding to characterise the existence of a nodule specific circadian clock 
and symbiosis. 
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Conclusion 
Consistent with the assertion that major cell types in A. 
thaliana possesses independent circadian oscillator (Thain et al., 2000), It is 
possible that there is specialisation of circadian clock function in specific cells 
(Xu et al., 2007) including root cells (James et al., 2008) and vascular tissue 
(Para et al., 2007). With lateral roots that have been demonstrated to be under 
the circadian rhythm (Voss et al., 2015),  accumulating evidence in circadian 
control of plant-microbe interaction and rhizosphere community as described 
before, the fact that how circadian system will not subtly affect nodule 
organogenesis and rhizobium-legume symbiosis is questionable. 
In addition to time series analyses of transcriptome to validate our in 
silico findings of NCR gene interaction with circadian clock TFs, in vitro analysis 
of yeast-1-hybrid assays or EMSA can be performed. As a future line of work, 
next generation sequencing techniques such as RNA-sequencing and high 
throughput ChIP-sequencing can be utilised to generate a reliable 
transcriptomic data and to establish genome wide protein-DNA interaction. 
Expression of NCR genes in Medicago clock mutants with inoculation of 
different rhizobial mutant strains can be experimented under natural, constant 
light or dark conditions to examine arrhythmic expression or clock mutant 
phenotype that can affect nodulation. As such NCR gene expression 
regulations in these conditions can be analysed. Overall, our findings of 
conserved motifs in NCR promoters and its putative TFs orthologs support the 
multiple roles NCR gene family are thought to play. 
Taken together, our data support the model of rapidly evolving NCR 
gene family for the gain of new function in root symbioses and nodulation. As 
such, functional genomics study in the mutants together with transcriptomic 
time series analysis of NCRs and its regulatory control under clock motif sites 
will help us in elucidating additional roles of NCRs. This supports the possible 
and multiple functions of NCRs as DEFLs have been reported to play dual roles 
in defense and developmental plant signalling during plant-microbial 
interaction. 
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Appendices 
Table 1: Gene annotation term enrichment and their p-values for DEGs in 11 
clusters from the A17 and sunn-1 microarray analysis. 
Cluster Number of 
DEG in 
each 
cluster 
Number 
of genes 
annotated 
with 
calcium 
P-value for 
calcium 
term 
enrichment 
Number 
of genes 
annotated 
with 
auxin 
P-value for 
auxin term 
enrichment 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
 
Total  
1 
2 
3 
1283 
249 
3137 
118 
190 
1896 
24 
7 
 
6910 
0 
0 
0 
5 
2 
28 
2 
3 
3 
0 
0 
 
43 
1 
1 
1 
0.92215585 
0.46245468 
0.00710738 
0.16667457 
0.11366497 
0.99985516 
1 
1 
0 
0 
0 
6 
1 
37 
1 
1 
20 
0 
0 
 
66 
1 
1 
1 
0.989739 
0.9123041 
0.0524881 
0.6808915 
0.8426073 
0.3436502 
1 
1 
 
 
Cluster Number of 
DEG in 
each 
cluster 
Number 
of genes 
annotated 
with 
cytokinin 
P-value for 
cytokinin 
term 
enrichment 
Number 
of genes 
annotated 
with UDP 
P-value for 
UDP- term 
enrichment 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
 
Total  
1 
2 
3 
1283 
249 
3137 
118 
190 
1896 
24 
7 
 
6910 
0 
0 
0 
4 
2 
4 
0 
0 
1 
0 
0 
 
11 
1 
1 
1 
0.13071325 
0.05740628 
0.81627659 
1 
1 
0.97072746 
1 
1 
 
0 
0 
0 
7 
5 
37 
0 
3 
12 
0 
0 
 
64 
1 
1 
1 
0.96626694 
0.07987924 
0.03043468 
1 
0.25737446 
0.96046804 
1 
1 
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Table 1 continued 
 
Cluster Number 
of DEG 
in each 
cluster 
Number 
of genes 
annotated 
with 
nitrogen 
P-value for 
nitrogen 
term 
enrichment 
Number 
of genes 
annotated 
with 
transport 
P-value for 
transport 
term 
enrichment 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
 
Total  
1 
2 
3 
1283 
249 
3137 
118 
190 
1896 
24 
7 
 
6910 
0 
0 
0 
11 
1 
35 
0 
2 
11 
0 
0 
 
60 
1 
1 
1 
0.57134017 
0.8904783 
0.02954066 
1 
0.49474321 
0.96312179 
1 
1 
0 
0 
0 
57 
10 
142 
1 
5 
43 
0 
0 
 
258 
1 
1 
1 
0.082390988 
0.453017033 
0.00097173 
0.989212257 
0.844264719 
0.999987666 
1 
1 
 
Cluster Number 
of DEG 
in each 
cluster 
P-value for 
transport 
term 
enrichment 
Number 
of genes 
annotated 
with 
kinase 
P-value for 
kinase 
term 
enrichment 
Number 
of genes 
annotated 
with 
redox 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
 
Total  
1 
2 
3 
1283 
249 
3137 
118 
190 
1896 
24 
7 
 
6910 
1 
1 
1 
0.082390988 
0.453017033 
0.00097173 
0.989212257 
0.844264719 
0.999987666 
1 
1 
0 
0 
0 
49 
16 
276 
1 
18 
95 
0 
0 
 
455 
1 
1 
1 
0.9999991 
0.5790397 
9.96221E-
12 
0.9996991 
0.07471773 
0.999638 
1 
 
0 
0 
0 
3 
0 
26 
2 
0 
5 
0 
0 
 
36 
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Table 1 continued 
 
Cluster Number of 
DEG in 
each 
cluster 
Number of 
genes 
annotated 
with 
cysteine 
P-value for 
cysteine 
term 
enrichment 
Number 
of genes 
annotated 
with 
flavonoid 
P-value for 
flavonoid 
term 
enrichment 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
 
Total  
1 
2 
3 
1283 
249 
3137 
118 
190 
1896 
24 
7 
 
6910 
0 
0 
0 
190 
1 
47 
3 
5 
16 
0 
0 
 
262 
1 
1 
1 
7.86342E-
85 
0.9999448 
1 
0.8313023 
0.8536207 
1 
1 
1 
0 
0 
0 
1 
2 
8 
0 
1 
0 
0 
0 
 
12 
1 
1 
1 
0.91515242 
0.06728991 
0.11701462 
1 
0.28455329 
1 
1 
1 
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Table 2: NCR probe specificity check on NimbleGen microarray by BLASTN for randomly selected probe ID to represent the 
BLAST results. 530 probes were found on NimbleGen with 2-3 probes represented for a single gene. Few of the probe IDs with 
their alignments to M.truncatula genome have been given. Probes of ~45-60 bp were found to have 100% match identity to that 
of the target NCR genes. However, despite significant alignments and 100% homology few of the probe sequence were not 
annotated as NCRs. E.g probe sequence of Medtr1g042910. The top hit was confirmed to be a match for NCRs. The second top 
hit typically only aligned with <20bp identity and with higher E-value than the first top hit. 
Sequence ID Probe ID Overlapping 
gene 
Annotation Alignment E-value % 
Identity 
Alignment 
length 
Medtr1g042200.1 
Medtr1g042200.1 
Medtr1g042200.1 
Medtr3g028380.1 
Medtr3g028380.1 
Medtr1g042910.1 
Medtr1g042910.1 
Medtr1g042910.1 
Medtr6g055160.1 
Medtr6g055160.1 
Medtr6g055160.1 
Medtr8g036850.1 
Medtr8g036850.1 
Medtr1g042200.1P00266 
Medtr1g042200.1P00675 
Medtr1g042200.1P00182 
Medtr3g028380.1P00164 
Medtr3g028380.1P00099 
Medtr1g042910.1P00934 
Medtr1g042910.1P00065 
Medtr1g042910.1P00684 
Medtr6g055160.1P00566 
Medtr6g055160.1P00211 
Medtr6g055160.1P00002 
Medtr8g036850.1P00267 
Medtr8g036850.1P00121 
MTR_1g042200 
MTR_1g042200 
MTR_1g042200 
MTR_3g028380 
MTR_3g028380 
- 
- 
- 
MTR_6g055160 
- 
- 
- 
MTR_8g036850 
NCR 
NCR 
NCR 
NCR 
NCR 
- 
- 
- 
NCR 
- 
- 
- 
NCR 
60 
60 
60 
56 
60 
60 
59 
60 
48 
60 
60 
60 
60 
2.00E-26 
2.00E-26 
2.00E-26 
4.8E-24 
2.00E-26 
2.00E-26 
7.8E-26 
2.00E-26 
2.90E-19 
2.00E-26 
2.00E-26 
2.00E-26 
2.00E-26 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
60 
60 
60 
56 
60 
60 
59 
60 
48 
60 
60 
60 
60 
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